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CHAPTER 1 
INTRODUCTION
1.1 THE HISTORY AND DEVELOPMENT OF SEISMIC ARRAYS
The four seism ic a rra y s  of the United Kingdom Atomic Energy 
Authority (U .K .A .E .A .) type were designed and put into operation as part of a 
re se a rc h  p rogram m e into the detection and recognition of underground nuclear 
explosions. T heir h isto ry  and development have been described  in detail in a 
re p o rt entitled " The Detection and Recognition of Underground Explosions1’ 
published in 1965 by the U .K .A .E .A . Towards the end of 1958 investigations 
of the m eans of detecting possible violations of an agreem ent to end nuclear 
te s ts  indicated that the use of the ’f ir s t  m otion' of P waves as a m ajo r c rite rio n  
in the identification of underground explosions was unsatisfacto ry . Consequently 
re sea rc h  into seism ological methods fo r detecting underground nuclear explosions 
was s ta r ted  at the Atomic Weapons R esearch  E stablishm ent at A lderm aston in 
England in 1959. Both B ritish  re sea rch  at A lderm aston and A m erican re sea rc h  
in the Advanced R esearch  P ro jec ts  Agency Vela Uniform P rogram  was initially  
d irec ted  tow ards the im provem ent of the signal to noise ra tio  of d istan t seism ic  
events. This gave r is e  to the concept of using a rra y s  of sen so rs  s im ila r  in 
princip le to those used in radio astronom y, ra d a r  and underw ater acoustics.
The cen tral theme in this thesis is the application of the B ritish-designed medium 
ap ertu re  a rra y s  to the investigation of the s tru c tu re  of the e a r th ’s in te rio r . Two 
im portant A m erican a rray s  are  also described  briefly  to facilita te  subsequent 
com parison of re su lts  and to illu stra te  the d ifferences in the basic techniques 
used to elucidate s im ila r  problem s. In May 1962 an a rra y  nine k ilom etres long 
was se t up at E skdalem uir in southern Scotland; the sm all size  of the a rra y  
was due to the em phasis at that time on detection in the 'f ir s t  zone' ( i .e . at 
d istances of between 0° and 10° from  the source). By D ecem ber 1963 an a rra y  
consisting  of two perpendicular lines of ten se ism o m ete rs  spaced at 2.5 km 
in tervals had begun operation near Yellowknife ju st to the north of the G reat
2 .
Slave Lake in Canada. In 1965 a sm all a rra y  s im ila r  in size  to the Eskdalem uir 
a rra y  (EKA), consisting of two nearly  perpendicular lines of five se ism om eters , 
was installed  at Gauribidanur, M ysore State, in southern India, and the W arra- 
munga a rra y  (WRA), s im ila r  to the Yellowknife a rra y  (YKA), was installed 
near Tennant C reek in the N orthern T e rr ito ry  of A ustra lia . The Gauribidanur 
a rra y  (GBA) was subsequently extended so that it now consists of twenty in s tru ­
m ents and is s im ila r  to WRA . Another a rra y  of the U .K .A .E .A . type is at 
p resen t being constructed in Brazil by the United Kingdom Institute of Geological 
Sciences. Each of the U K .A .E .A . a rra y s  use shork-period vertica l component 
W illm ore Mk II se ism o m ete rs .
The Tonto F o rest Seism ological O bservatory  (TFSO) was installed 
as p a rt of the Vela Uniform pro ject, and began operation in 1963. It is located 
in cen tra l A rizona, and orig inally  contained a c irc u la r  a rra y  3 km in d iam eter 
and two perpendicu lar lines about 10 km long, each containing eleven sh o rt -  
period vertical component instrum ents of the Johnson-M atheson type. During 
1965 the a rra y  was tem porarily  extended by the addition of eight long range 
se ism ic  m easurem ent (LRSM) mobile vans; the NW-SE and NE-SW arm s of the 
extended a rra y  were 325 km and 285 km long respective ly . TFSO has been 
brie fly  described  by Niazi and Anderson (1965) and by Johnson (1967). P ro g ress  
and developm ents made under the sponsorship  of the U .S. Vela Uniform Program  
and at A lderm aston gave r is e  to the concept of a la rge  ap ertu re  seism ic a rra y  
(LASA). Such an a rra y  was constructed in Montana, U .S .A ., and began full 
tim e operation in Septem ber 1965. It consists of 525 Hall Sears HS-10-1 sh o rt-  
period vertical component seism om eters  d istribu ted  in 21 c lu s te rs  with an overall 
ap ertu re  of 200 km. Each subarray  is 7 km in d iam eter, and each of the 25 s e is ­
m om eters is placed in a borehole 200 feet deep. D igital te lem etry  to the a rra y  
cen tre  is used ra th e r  than the f .m . te lem etry  used in the U .K .A 0E .A . a rra y s .
A plan of the a rra y  has been published by F rosch  and Green (1966), Chinnery 
and Toksöz (1967) and by G reenfield and Sheppard (1969).
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q u i e t  record
noisy record
PERIOD SECONDS
F ig u re  1.1 N oise sp ec tra  at W RA, unco rrec ted  fo r  se ism o m e te r response.
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1.2  THE WARRAMUNGA SEISMIC ARRAY AND ITS APPLICATIONS
The W arram unga seism ic  a rra y  was installed by the U .K .A .E .A . 
n ear Tennant Creek in the N orthern T e rr ito ry  of A ustra lia , and began operation 
in O ctober 1965; it is c lassed  as a medium ap ertu re  a rra y , and is now operated 
by the A ustralian  National U niversity . The a r ra y  is situated on granite  outcrops 
of the low er P ro terozo ic  W arram unga Geosyncline, and is about 500 km from 
the n eares t part of the A ustralian  coast. The noise level is low though m ic ro - 
se ism ic  activ ity  is substantially  increased  by low p re ssu re  a tm ospheric  system s 
n ear the coast. Typical noise sp ec tra  on 'q u ie t’ and 'noisy ' days a re  shown in 
Figure 1 .1 . One stringen t requ irem ent of an a rra y  site  is that the geology 
should be reasonably  homogeneous and uncom plicated by m ajo r e las tic  discontin­
u ities . It is difficult to say w hether this c rite rio n  is sa tisfied  at WRA since very  
little  is known about the local geology. However, the re su lts  p resen ted  la te r  
do throw som e light on the problem , and suggest that the choice of a rra y  site  may 
have been an unfortunate one0
The a rra y  itse lf  consists of twenty short-period  v e rtica l com ­
ponent W illm ore Mk II se ism o m ete rs  working with a natural period of one second 
and a damping factor of 0. 6, arranged  in two lines of ten, 22. 5 km long and 
approxim ately at right angles to each o ther as shown in F igure 1 .2 . Each 
se ism o m ete r is operated at a d isplacem ent m agnification of about 250, 000. The 
geographic coordinates of the individual se ism o m ete rs  and the cartes ian  co- 
ord inates re la tive  to the point of in tersection  of the two arm s of the a rra y  are  
lis ted  in Table 1 .1 . Signals from  each se ism o m ete r a re  te lem etered  to a cen tral 
record ing  station and recorded  sim ultaneously on 24-track m agnetic tape together 
with a digital tim e code consisting of a continuous tra in  of one seconds ten second 
and one minute pu lses. 5-b it, 6-bit and 5-b it binary codes provide the hour, 
m inute and day respective ly . The prec ision  tim ing system  in cu rren t use at all 
of the U .K .A .E .A . a rra y s  except YKA, and the f .m . te lem etry  system  have 
been described  in detail by T rusco tt (1964) and Keen. M ontgomery, Mowat, 
M ullard and P la tt (1965). To econom ise in tape usage a sm all a rra y  o r c lu ste r
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co n s is tin g  o f two lin e s  about 2. 5 km  long, p a ra lle l to the m a in  a rm s  o f the a r ra y  
and each con ta in ing  f iv e  v e r t ic a l component s e ism o m e te rs , was in s ta lle d  in  1967; 
th is  c lu s te r  d is c r im in a te s  aga inst random  noise by d ire c t  sum m ation , and t r ig g e rs  
the tape re c o rd in g  sys tem  on ly  when a c o r re la to r  output exceeds a sp e c ifie d  
t r ig g e r  le v e l.  The mode o f opera tion  is s im i la r  to tha t o f the 24-e lem ent c lu s te r  
in  use at Y K A  (see W hite  w ay, 1965). A  com pu te r sys tem  fo r  au to m a tic  d ig ita l 
p ro cess in g  o f the m agne tic  tape re co rd s  fro m  WRA has been developed at the 
A u s tra lia n  N a tiona l U n iv e rs ity  and described  by M u irh e ad  (1968b). O f m o re  
im portance  to  th is  th e s is , analogue outputs o f a ll se ism o m e te rs  can be f i l te re d  
using  a num ber o f d if fe re n t passbands between 0 and 12 cps and tra n s fe r re d  on 
to  paper using a s ix teen-channe l pen re c o rd e r.
An im p o rta n t app lica tio n  o f an a r ra y  o f s h o rt-p e rio d  v e r t ic a l 
com ponent s e ism o m e te rs  is  the d e te rm in a tio n  o f a v e lo c ity -d e p th  d is tr ib u t io n  
fo r  P waves th roughou t the whole o f the e a r th ’s m a n tle . B e fo re  the in ve n tio n  of 
s e is m ic  a rra y s  the tra v e l t im e s  o f P and S phases p ro v ide d  the m ost use fu l data 
fo r  in ve s tig a tin g  the s tru c tu re  o f the e a rth 's  in te r io r .  The H e rg lo tz -W ie c h e r t 
m ethod used in  ob ta in in g  a v e lo c ity  d is tr ib u tio n  fro m  tra v e l t im e  data re q u ire s  
know ledge o f the f i r s t  d e r iv a tiv e  o f the tra v e l tim e  c u rve , dT /dA  , as a func tion  
o f d is tance ; consequen tly  dT /dA  was obta ined by d if fe re n t ia t in g  a t ra v e l t im e  
cu rve  d e r ive d  by sm oo th ing  obse rva tions made at a la rg e  num ber o f d if fe re n t 
s ta tio n s . T h is  m ethod has in  the past y ie lded  v e lo c ity  p ro f i le s  tha t a re  in  re a son ­
able agreem ent excep t in  the upper 1000 km  o f the m a n tle . An a r ra y  can be used 
to m easure  dT/dA  d ire c t ly ,  and th e re fo re  should be capable o f supp ly in g  m o re  
d e ta il about the s tru c tu re  o f the m an tle  than the conven tiona l t ra v e l t im e  m ethod, 
p rov ided  the re la t iv e  onset t im e s  o f events a t the a r ra y  e lem ents  can be m easured  
w ith  h igh  p re c is io n , and tha t the s tru c tu re  o f the c ru s t and upper m an tle  in  the 
v ic in ity  o f the a r ra y  is  f a i r ly  homogeneous. A l l  the sam e th e re  is  s t i l l  c o n s id e r­
able a rb it ra r in e s s  in vo lved  in  in te rp re tin g  a r ra y  data .
The in v e rs e  p rocess o f using dT /dA  and a z im u th  m easu rem en ts , 
to g e th e r w ith  data f ro m  re fra c t io n  e xpe rim en ts , to in fe r  the s tru c tu re  o f the c ru s t
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and upper m antle in the vicinity of an a rra y  is also possible if dT/dA values 
derived  from  one of the established trav e l tim e curves are  assum ed to be c o rre c t. 
The signal enhancing ability of an a rra y  can be used to study la te r  phases and 
o th er coherent signals following P; this is not re s tr ic te d  to waves travelling  in 
the c ru s t and m antle, and is a very  powerful tool in investigating core s tru c tu re .
I . 3 PREVIOUS WORK ON THE STRUCTURE OF THE EARTH’S INTERIOR 
USING SEISMIC ARRAYS
In view of the extensive p ro g ress  made in a rra y  seism ology 
since I s ta rted  working on WRA data, it is pertinent at this stage to trace  the 
h is to ry  of a rra y  investigations with special em phasis on the s tru c tu re  of the 
e a r th ’s m antle. A rray  studies of P wave travel tim e gradients were pioneered 
by Niazi and Anderson (1965) who investigated the upper m antle s tru c tu re  below 
w estern  North A m erica using P a rriv a ls  from  70 events at distances between 10° 
and 30° recorded  at the orig inal 10 km Tonto F o res t a rra y . Niazi (1966) con­
s id ered  the effect of a dipping M -discontinuity on dT /d  A and azim uth m easured  
at an a rra y , and showed with reference  to data recorded  at TFSO at d istances 
between 32.5° and 80.1° how the details of an underlying s tru c tu re  can be in ferred  
from  m easurem ents of both dT/dA and azim uth. A ra th e r  s im ila r  type of study 
was made by Otsuka (1966a, b) using events recorded  at the C entral C alifornia 
Seism ographic A rray .
When I s ta rted  work on WRA data tow ards the end of 1966, the 
only velocity d istribution obtained from  a rra y  data was that of Niazi and Anderson; 
no a rra y  resu lts  for the low er m antle had yet been published. Kanamori (1967) 
m ade m easurem ents of apparent velocities for about 50 earthquakes recorded 
at the Wakayama M icroearthquake O bservatories in Japan over the distance 
range 5° to 55°. Johnson (1967) published a velocity s tru c tu re  for P waves in 
the upperm ost 750 km of the m antle derived from  dT/dA data from  52 earthquakes 
and explosions in the d istance range 0° to 30° recorded  at the extended TFSO. 
Chinnery and Toksöz (1967) gave the f ir s t  se t of P wave velocities for the low er 
m antle derived from  a rra y  data. They used 167 events in the d istance range
9 .
27° to 90° recorded  at the LASA in Montana. G reenfield and Sheppard (1969) 
m easured  the trave l tim e gradients for ep icen tres to the northwest and south­
eas t of the LASA, and proposed a model fo r the c ru s t beneath the a rra y  which 
explains the station residuals , and accounts for the m ajo r d ifferences between 
the m easured  and the Jeffreys and Bullen (1958) dT /d  A values. Chinnery 
(1969) p resen ted  observations of dT/dA on P wave a rriv a ls  at the LASA in 
Montana fo r about 400 events over the d istance range 25° to 98° in a northw esterly  
azim uth from  the a rra y . Johnson (1969), using the extended TFSO, continued 
his e a r l ie r  work to the base of the m antle by m easuring dT/dA for d irec t P from  
212 earthquakes in the d istance range 30° to 100°.
P re lim in ary  work on the effects of local s tru c tu re  on the m easu re ­
m ent of dT /d  A at WRA was published by C leary, W right and M uirhead (1968).
I (W right, 1968) found evidence fo r a low velocity lay e r at a depth close to 800km 
using dT/dA m easurem ents at WRA from  3 0 earthquakes in the M ariana Islands 
and surrounding reg ions. Gopalakrigshnan (1969) made m easurem ents of dT /d  A 
for P a rr iv a ls  from  88 events recorded at GBA over the d istance range 25° to 
95°, but used too little  data to enable a rea lly  detailed velocity model to be 
deduced. A dT/dA  curve fo r  the d istance range 30° to 104° using data from  
all four U .K .A .E .A . a rra y s  was obtained by Corbishley (1970). His method 
of analysis of the re la tive  a rriv a l tim es at the a rray s  involves attem pting to 
estim ate  dT/dA  and the c ru s ta l effects beneath each a rra y  sim ultaneously. In 
November 1969, I (W right, 1970) subm itted for publication a discussion of the 
p re lim inary  dT/dA curve described  in Chapters 4 and 8. Since that tim e the 
WRA data fo r the low er m antle have been am plified, and a refined dT/dA curve has 
been derived .
The signal enhancing ability of a rra y s  has not yet been exten­
sively adapted to studies of the s tru c tu re  of the e a r th ’s in te rio r . V arious 
applications have been described  by Agger and C arpen ter (1964), B irtill and 
Whiteway (1965), Hannon and Kovach (1966), Key (1967), Whitham and Wei chert 
(1968) and Wei chert and Whitham (1969). N evertheless much valuable inform ation
10 .
sto red  in a rra y  tape records s till rem ains v irtually  unexploited. Consequently, 
in collaboration with D r. K. J. M uirhead, I have attem pted to show how some 
of this a rra y  data can be used to study the s tru c tu re  of the e a r th ’s core , as well 
as the c ru s t and upper m antle, employing both v isual m atching and a rra y  phasing 
techniques (see W right and M uirhead, 1969).
1 .4  AIM AND SCOPE OF THESIS IN THE LIGHT OF PREVIOUS WORK
The m ajor aim of this study has been to derive a P wave 
velocity d istribution  for the whole of the e a r th ’s m antle, using trave l tim e and 
trave l tim e gradient m easurem ents of events recorded  at WRA. The scope of 
the thesis  is perhaps best conveyed by considering the basic problem  that the 
w rite r  has tr ied  to solve, which may be form ulated as follows: how can a seism ic
a rra y  of about 20 km in apertu re  be used to investigate the s tru c tu re  of the e a r th ’s 
in te rio r, and how detailed is the inform ation that it is capable of yielding? The 
work described  subsequently is an attem pt to dem onstrate  that a medium apertu re  
a rray  such as WRA. is just as useful in revealing the fine details of m antle s tru c tu re  
as a la rge  ap ertu re  device such as the LA.SA in Montana o r the extended TFSO, 
even though the problem s associated  with local s tru c tu re  may be serious; the 
approach has been to use the P wave velocity models for the e a r th 's  m antle 
derived from  dT /d  Am easurem ents at WRA to try  and reso lve some of the cu rren t 
am biguities and con troversies  concerning the existence of velocity anom alies in 
the m antle . It is s tre sse d  that the data would be b e tte r if a m ore satisfac to ry  
a rra y  site  had been chosen. The g rea tes t difficulty in this work is in ascertain ing  
the re la tive  extent to which the fine detail in the dT/dA data is due to la te ra l 
varia tions in the s tru c tu re  of the c ru s t and upper m antle in the vicinity of the a rray , 
to real anomalous regions at g reat depth and to rapid la te ra l changes in mantle 
s tru c tu re  close to the sou rce . Unfortunately the only seism ic  re frac tion  survey 
of the Tennant C reek  a rea  (Underwood, 1967) was insufficiently exhaustive to 
reveal detailed c ru s ta l s tru c tu re . In an effort to overcom e som e of the am biguities 
in in terp re ta tion , two different approaches to the problem  of the in terpreta tion  of
l i .
the dT/dA data have been tried .
As well as the dT/dA studies the signal enhancing ability of 
the a rra y  has been exploited in an investigation of la te r  P phases and coherent 
signals following the f ir s t  a rriv a l generated by a la rge  nuclear explosion in 
Novaya Zemlya . Since very little  work has been done in applying phasing 
techniques to the study of the e a r th ’s in te rio r , some ideas and p re lim inary  
re su lts  have been advanced,first to show that inform ation of very  high quality 
and of considerable value can be obtained from  the U .K .A .E .A . a rra y s , and 
secondly to illu s tra te  the applications and potentialities of the a rra y  processing  
schem e developed at the A ustralian National U niversity  and described  by M uirhead 
(1968b).
To clarify  the division of C hapters 5 to 7, the m antle has been 
divided into two m ajo r regions: the upper m antle and the low er m antle. Using 
the notation invented by Bullen (1963, pp. 222-223), the upper m antle and low er 
m antle a re  defined as com prising the B and C regions and the D region re sp ec t­
ively. Following Anderson (1967a)the boundary between the C and D regions 
has been taken at a depth close to 700 km. The thesis  has been logically sp lit 
into th ree main sections as outlined below.
(a) M easurem ents and Techniques
M easurem ent of T ravel Time Gradients and Azimuths of P Wave A rrivals 
(Chapter 2).
Since the seism om eter outputs a re  usually coherent across a 
20 km a rra y , visual m atching techniques can be used to obtain accurate  re la tive 
onset tim es at the individual se ism o m ete rs . The dT /d  A (or slowness) and 
azim uth values have been calculated by m eans of a modified version  of a leas t 
squares program m e designed by D r. E .W . C arpen ter and w ritten by M r. B .S. 
Gopalakrishnan. A lternative m eans of dT /d  A and azim uth determ ination have 
been examined, and a careful study of the sources of e r ro r ,  both random and 
system atic , has been included. For dT/dA studies, events showing reasonably 
c lea r  P onsets have been selected  from  a wide range of d istances and azim uths,
12.
and have been c lassified  into a number of different groups depending on the focal 
depth and the quality of the recorded inform ation.
The S tructure beneath the A rray  (Chapter 3).
In the early  stages of this p ro jec t it was im portant to find out 
how serious w ere the effects of s tru c tu re  in the vicinity of the a rra y  on the 
m easurem ent of dT/dA and azim uth. F o r events a t te lese ism ic  d istances 
(A > 28° ) the azim uth values often differed considerably  from  the true  azim uths. 
F u rth er the dT/dA values often differed significantly  from  those predicted  from  
the Je ffrey s-Bullen (J-B) Tables (1958) o r the Seism ological Tables for P Phases 
(1968). In addition the e r ro rs  in the m easurem ents of onset tim es, in epicentre 
determ inations o r in the travel tim e tables them selves can only account for 
anom alies in both dT/dA and azim uth an o rd e r of magnitude le ss  than those 
observed. Niazi (1966) considered the effect of a dipping M -discontinuity on 
m easurem ents of slowness and azim uth. Using the theory  outlined in N iazi's 
paper, a com puter program m e has been w ritten  that will work out the effect on 
dT /d  A and azim uth of any combination of dipping in terfaces for a seism ic  event 
whose azim uth and distance a re  accurately  known. From  the resu lts  of the 
seism ic  experim ent WRAMP, Underwood (1967) in fe rred  the presence of a n e a r­
surface dipping s tru c tu re . Although P a rr iv a ls  from  some azim uths do show 
azim uth and dT/dA anom alies consistent with a s tru c tu re  s im ila r  to that derived 
by Underwood, the overall p ic tu re  is one of g rea t com plexity. Since the sim ple 
approach of try ing  to fit one o r m ore dipping in terfaces beneath the a rra y  was 
not successful, an attem pt to derive a 's tru c tu re  su rface ' that will explain the 
complex pattern  of slowness and azim uth anom alies has been m ade. The main 
purpose in deriving models of the local s tru c tu re  is to enable co rrections to be 
applied to dT/dA values before inverting the data to obtain a velocity d istribution . 
The station co rrection  has been calculated from  the travel tim e residuals for 
te le se ism s to try  and detect a co rre la tion  with the dT/dA and azim uth anom alies. 
Finally attem pts have been made to give a meaningful physical explanation of 
the complex pattern  of dT /d  A and azim uth anom alies.
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The Construction of a dT /d  A Curve and a Velocity Model (Chapter 4).
Having obtained the raw  dT /d  A data co rrec ted  for s tru c tu re , 
the next step is to reduce the random e r r o r  as much as possible without losing 
useful inform ation. Arnold (1968) drew  attention to the Method of Summary 
Values invented by Jeffreys (1937, 1961, pp. 223-227), and suggested that it 
has advantages over a polynomial re g re ss io n ; this technique has been used to 
smooth the dT/dA data in p reference to the standard  technique of fitting a 
polynomial o r a s e r ie s  of polynomials by le as t sq u ares . Owing to the extrem e 
complexity of the local s tru c tu re  at WRA , in itially  a purely em pirica l approach 
to the problem  of correcting  the dT/dA values beyond 27.9° has been adopted. 
This sim ple approach has subsequently been refined making use of much of 
the work on the local s tru c tu re  d iscussed  in C hapter 3. The computational 
methods used in inverting body wave data and in investigating ray  paths for 
regions of anomalous velocity change have been briefly  described .
(b) R esults and Interpretation
Upper Mantle S tru c tu re . (Chapter 5).
During recen t years a considerable body of evidence has 
been published indicating the presence of two regions in the upper m antle, at 
depths close to 400 km and 650 km, where the velocity gradients for P waves 
a re  high. These regions have now been identified fo r the m antle below the 
A ustralasian  region. Slowness m easurem ents of f i r s t  and second P onsets from  
earthquakes in Celebes, the M oluccas, H alm ahera and surrounding regions 
have been com pared with s im ila r  m easurem ents over a s im ila r  distance range 
from  events in E astern  New Guinea, New B rita in  and surrounding regions. Two 
upper m antle velocity models have been derived by the H erglotz-W iechert 
method. Regional d ifferences and rapid la te ra l varia tions in upper m antle 
s tru c tu re  have been considered.
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The Lower M antle, P a rt 1: the Region between 700 km and 1000 km
(28° < A >$42°). (Chapter 6).
There is evidence of considerable complexity in the s tru c tu re  
of the m antle between about 700 km and 1000 km. It is certa in  that there  is an 
anomalous region close to 800 km, and cu rren t explanations of its nature a re  
in conflict. Exhaustive dT/dA m easurem ents from  earthquakes of the Caroline 
and M ariana Islands and surrounding regions have been com pared with s im ila r  
data from  the Solomon, Santa Cruz, New Hebrides and Loyalty Islands and 
surrounding regions, and also  with le ss  copious data from  o ther a re a s . Using 
sim ple ray  theory  dT/dA curves for d ifferent types of velocity anomaly that 
might explain som e of the dT/dA  observations have been presen ted . Finally 
regional differences in s tru c tu re  and petrological im plications have been 
d iscussed .
The Lower Mantle, P a rt 2: 1000 km to 2890 km (42° <a< 99°). (Chapter 7).
The basic slowness data come from  earthquakes and explosions 
of five main regions: (i) the E ast China Sea, Taiwan, the Ryukyu Islands and 
surrounding regions, (ii) the Bonin Islands, the Japan region, the K urile Islands, 
Kamchatka and surrounding regions, (iii) the Aleutian Islands and A laska regions, 
(iv) the F iji, Tonga and K erm adec Islands region and (v) the Asian continent and 
surrounding reg ions. The aim  has been to determ ine w hether the data support 
the recen t evidence for anomalous velocity gradients at depths close to 1000,
1200, 1600, 1900 and 2300 km, and whether any regional differences in s tru c tu re  
at these depths can be detected .
P Wave V elocities in the M antle below 700 km . (Chapter 8).
The smoothed dT /d  A curves p resen ted  in C hapter 4 have been 
inverted by the H erglotz-W iechert method to obtain two P velocity d istributions 
for the low er m antle. A th ird  velocity model and two regional dT/dA curves 
a re  also included. The s c a tte r  of the dT/dA data has been examined in relation 
to the quality of the recorded  inform ation and the focal depths of the events used. 
Finally my re su lts  have been com pared with recen t trave l tim e and amplitude
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studies as well as o ther a rra y  investigations. I have attem pted to show that 
when my work is taken in conjunction with o ther a r ra y  studies, a fa irly  coherent 
p icture of low er m antle s tru c tu re  em erges.
(c) F u rth er Applications of the A rra y . (Chapter 9).
The applications of the signal enhancing ability of the a rra y  
to the study of the s tru c tu re  of the e a r th ’s in te rio r have been investigated in 
collaboration with D r, K. J. M uirhead. A la rg e  Soviet nuclear explosion 
detonated on Novaya Zemlya, at a d istance of 106,0°, was well recorded by the 
a rra y  and a num ber of la te r  phases as well as P w ere v isib le . M easurem ents 
of apparent velocity and azim uth have been used as an aid in identifying the 
phases PKiKP, P P , P cP P cP , PKKP, PcPPK P and PKPPKP in the explosion 
reco rd . S im ilar m easurem ents have been made fo r coherent signals not 
corresponding to any of the conventional phases; these signals include 
p re c u rso rs  to P P , and possible explanations of th e ir  origin have been presen ted .
Conclusions. (Chapter 10) .
The re su lts  of this study have been sum m arised , and the 
relationship  of this work to other branches of geophysics and geochem istry has 
been evaluated. A num ber of suggestions fo r future investigations in a rra y  
seism ology have been put forw ard.
The com puter p rogram m es used throughout this thesis , to­
gether with the re levant re fe ren ces  and theory , have been incorporated in a 
separa te ly  bound collection of appendices. These appendices also contain details 
of all the seism ic  events used and lis ts  of the basic dT/dA and azim uth data.
In the lite ra tu re  citations a t the end of the thesis  I have chosen the form  recom m end­
ed in the pam phlet ' JGR Style -  A Guide fo r A uthors’ (1968) published by the 
A m erican Geophysical Union. This l is t  of re fe ren ces  also includes all those 
citations occurring  in the appendices.
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CHAPTER 2
MEASUREMENT OF TRAVEL-TIME GRADIENTS AND 
AZIMUTHS OF P WAVE ARRIVALS
2.1 INTRODUCTION.
With an a rra y  of sho rt-period  v e rtica l component se ism o m ete rs  
the travel-tim e gradient o r slow ness, dT/dA , which is required  as a function 
of d istance in deriving a velocity d istribution  for P waves throughout the 
e a r th 's  m antle, can be m easured d irec tly . Both dT/dA and the azim uth of 
a rr iv a l at an a rra y  of P wave onsets can be estim ated  from  a se t of a rr iv a l 
tim es at the individual se ism o m ete rs . F o r an a rra y  to be a useful tool in 
investigating m antle s tru c tu re  it is necessary  to keep the standard  e r r o r  on 
any d T /d  A value below 0 .2  sec /d eg . To achieve this so rt of p rec ision  it is 
e ssen tia l to be able to m easure  onset tim es at the seism om eters  of a medium 
ap ertu re  a rra y  with a standard  deviation of between 0.01 and 0.03 seconds.
Since the seism o m ete r outputs a re  usually coherent acro ss  such an a rra y , 
visual m atching techniques can be used to obtain re la tive  onset tim es of the 
specified accuracy . The slowness and azim uth values have been calculated  by 
m eans of a leas t-sq u ares  com puter program m e designed by D r. E .W . C arpen ter 
and w ritten by M r. B .S . Gopalakrishnan. A subroutine has been added to this 
program m e that calcu lates the standard  e r ro r s  in dT/dA and azim uth using* 
the form ulae given by Kelly (1964). It was also im portant to determ ine whether 
the leas t-sq u ares  technique was the best available for deriving p rec ise  values 
of dT/dA and azim uth. O ther m eans of dT/dA and azim uth determ ination 
include a co rre la tion  method described by B irtill and White way (1965), and a 
F o u rie r transfo rm  method described  by Shima, McCarny and M eyer (1964).
With the help of com puter program m es developed and described  by M uirhead 
(1968b), these techniques have been com pared with the least-squares method.
It is im portant to consider sources of system atic  e r r o r  in the dT/dA 
and azim uth m easu rem en ts. By fa r  the m ost serious effect on dT/dA and
1 7 .
North
Plane wave front
Figure 2.1 Diagram to illustra te  a le as t-sq u a re s  method of estim ating dT/dA 
and azimuth.
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azim uth is produced by the s tru c tu re  of the c ru s t and possibly the upper mantle 
beneath the a rra y , but discussion of th is problem  has been deferred  until 
C hapter 3. It was also necessary  to find out how serious w ere the effects of 
the different instrum ental constants of the individual se ism om eters  on the 
m easured values of dT/dA and azim uth. This problem  has been examined in 
the light of a study by Muir head (1968b) of phase shifts caused by variations 
in instrum ent c h a rac te ris tic s . Another sm all source of system atic  e r r o r  in 
the dT/dA m easurem ents is the ellip tic ity  of the earth , and this has also been 
examined quantitatively. Finally the c r i te r ia  used to se lec t events suitable 
for dT/dA m easurem ents have been stated , and the events them selves have 
been c lassified  into a num ber of d ifferent groups depending on the focal depth 
and the quality of the recorded  inform ation.
2 .2 . THE MEASUREMENT OF dT/dA AND AZIMUTH OF P WAVES .
(i) Fitting a dT /d  a and Azimuth Value through a Set of Onset T im es by the 
Method of L east Squares.
This least-squares method has been described  by Kelly (1964) and 
Otsuka (1966a), and is sum m arised  below. Select an a rb itra ry  origin O, in 
prac tice  the point of in tersection  of the two arm s of WRA, and take a cartesian  
coordinate system  with the y and x axes pointing north and eas t respectively , 
as shown in Figure 2 .1 . F o r an a rra y  the size  of WRA. any curvature  of the 
e a r th ’s surface can be neglected. Consider a seism o m ete r at S. distance R.
L 1
from  O, and le t ZS.Oy be 0 . Now suppose a P wave a rriv a l c ro sses  the 
a rra y  from  azim uth $ and with apparent su rface  velocity V. It is assum ed 
that the wavefront is plane; this assum ption is approxim ately true  for events 
at d istances g re a te r  than 10° provided the s tru c tu re  of the c ru s t and the upper 
m antle in the vicinity of the a rra y  is reasonably sim ple . At this stage it is 
worth pointing out that in the lite ra tu re  some authors use apparent velocities, 
dA /dT, in km /sec and o thers the rec ip rocal velocity o r slow ness, dT/dA  , 
in sec /d eg . As fa r as deriv ing  a velocity model for the e a r th 's  m antle is 
concerned it is m ore logical to use dT/dA which will generally  be used throughout
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this th esis .
Let the a rriv a l tim e at S. be T. subject to an e r r o r  e . A rrival
i i  i
tim e at O is T . Then o
To
_ R. cos ( $ -  6. )T. + i v i ' + e .
i -----------------—-------------------  l
(2- 1)
Hence £ e 2 = E (T -  T -  [ x P  + y Q ] )2
i=l i= l
= E (P , Q, Tq ) (2-2)
where P = sin $ /V  and Q = cos ^ / V ,  N is the num ber of se ism o m ete rs .
To obtain best estim ates of the three unknowns P , Q and T the usual leas t
° 8esquares condition that E(P, Q, T ) is a m inim um  is used: i .e .  ___  =
8E 8 E ° 8 P
----- = ------  = 0 .  In th is way th ree  norm al equations a re  obtained as follows
8 Q 8 T
N
y  X. (T -  T. -
8 L O 1
1=1
[x .P  + y. Q ] ) = 0 (2-3)
N
y  y. (T -  T. -
1 0  l
1=1
[ x .  P + y. Q ]) = 0 (2-4)
N
A  (T -  T. -
1=1 0  l
[x .P  + y.Q] ) = 0 (2-5)
E xpressions (2-3) to (2-5) can conveniently be rew ritten  in the following form  :
[  XX] P + [ XY] Q + C XT ]  - [ X ] H o
li o (2 -3a)
[  XY] P + [ YY] Q + [Y T  ] - [  Y ] T = 0 o (2-4a)
[Y ] P + [X ]Q + [T  ] - N T
0
= 0 (2-5a)
N
where tXY ] denotes the summation E „ x. y. ,
i = l  l l
These th ree  norm al equations a re  solved to give best estim ates of P , Q and T .
20 .
Then V = (P2 + Q2 )” **
dT/dA = ro (P2 + Q2 )^
where r is the mean radius of the earth, o
$ = tan"1 (P/Q)
(2- 6) 
(2-6a)
(2-7)
A computer programme for determining V, dT/dA and using the method 
described above,was designed by Dr. E.W. Carpenter and written by Mr. B.S. 
Gopalakrishnan. In his description of this technique Otsuka simplifies the cal­
culation by choosing the origin of the coordinate system to be the centroid of 
the array seismometer points, when from (2-5a)
— [T ] N (2- 8)
This simplification has not been used for WRA data for the following reason: 
the number of seismometers working satisfactorily varies from day to day so 
that the centroid would vary from one event to another; this is undesirable as 
calculations of the seismometer residuals with respect to the true azimuth 
and the expected value of dT/dA derived from an established travel-time curve 
would be meaningless. For events recorded at WRA it is useful to be able to 
compare the residuals from one event to another so that a fixed origin is 
necessary.
Random Errors in dT/d A and Azimuth. Suppose the errors in the onset
time measurements, €. , are independent Gaussian variables, and that each
2
€. has mean zero and variance a . It is not suggested that this is a realistic 
model of the actual errors, but if will at least help to indicate the sensitivity 
of the results to measurement errors. On this model Kelly (1964) showed that 
the root mean square errors in V, dT/dA and $ are given by
/& ( dT/d a\
\  d T /d  A 7\  / r . m . s .
o V r 2------- [Var x cos
/"nd1
$ -  2 Cov (x, y)sin$ cos $ 
2 n k+ Var y sin $]
(2-9)
21
q V
r„ m .s .  /ND'
[ V a r x s in  4> + 2 Cov (x, y) sin$ cos $ + V ar y cos $]
where is in radians and' r ,  m . s .
(2- 10)
D = V ar x V ar y -  [ Cov (x, y) ] 2 (2-11)
V ar x = ■—-N
N -  2E (x -  x )
i—1
(2-12a)
“j N -  9
V ar y = —
N  ^ (y. -  y )i=l
(2-12b)
2 N
Cov (x, y) = —  ^ (x - “ x)(y -  y )
i=l
(2-12c)
_  i N
X
 | ii
*
1- E x
i=l
(2-13a)
N__ 2
y = IT Z yii=l
(2-13b)
Kelly and Otsuka both d iscussed  the application of form ulae (2-9) 
and (2-10) to specific a rra y s . It is, of course, im portant to devise a satisfac to ry  
way of estim ating o . One approach to this problem  is to take a num ber of events 
occurring in a sm all region of the earth  and to estim ate  a random reading e r ro r  
in the m anner described  by Corbishley (1970), F our im portant considerations 
have led the w rite r  to approach this problem  in a d ifferent way. If a plane wave 
front c ro sse s  the a rra y  the e r r o r  in each onset tim e depends on the following 
factors : (i) the waveform of the event -  low frequency onsets give le ss  c learly  
defined peaks and c ro ss -o v e r points (or zeros); (ii) the signal to noise ratio  -  
random bu rsts  of noise can cause spurious changes of waveform from one 
seism om eter to another when the signal to noise ra tio  is only m oderately large; 
(iii) the instrum ental constants of the seism om eters  and (iv) rapid variations
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STANDARD DEVIATION ON EACH ONSET TIME =  0-015 SECONDS 
APPARENT VELOCITY= 20 0 km/sec
dT/d A = 5 -5 6 0  sec/deg
ST PRECISION 3 3 0  
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azimuth  ERRORS^
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F ig u re  2 .2  E r ro rs  in  apparent v e lo c ity , d T /d A  and az im u th  fo r  the 
com plete  a r ra y .
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of local structure -  the assumption that a plane wave front crosses the array 
is a better approximation for some azimuths and distances than for others.
The last two factors are strictly speaking sources of systematic error, but have 
been included as they do have an important bearing on the precision of the 
dT/d A and azimuth determinations. Consequently it seems preferable to cal­
culate a value of o for each set of relative onset times. This is done by
2
assuming that the residuals have zero mean and variance a characteristic of 
that particular set of arrival times. Each value of the residual e is calculated 
once P, Q and T have been estimated, and hence 
0 20 = Z 6 . /( N -  3 ) (2-14)
i=l 1
The writer has added a subroutine to the basic computer programme 
of Carpenter and Gopalakrishnan that will calculate the standard errors in$ and 
dT/d A using expressions (2-9) and (2-10). It is stressed that the estimate of a 
contains not only random reading errors, but also systematic errors due to 
possible differences in instrumental constants of the individual seismometers 
and to curvature of the allegedly plane wave front. The programme (ZCW101A5) 
also calculates the apparent velocity or dT/d A assuming the azimuth calculated 
from the U.S.C.G .S, epicentre determination is correct. Two sets of time 
residuals are calculated: (i) for the least-squares azimuth and dT/d A fit, and 
(ii) taking a dT/d A value from an established travel-time curve (e„g. Jeffreys 
and Bullen, 1958) and the U. S. C. G. S. azimuth.
The theoretical errors in dT/d A , apparent velocity and azimuth 
were calculated using computer programme ZCW101 A7 and plotted graphically 
in Figures 2,. 2. and 2, 3 as a function of azimuth; in each case an apparent 
velocity of 20.0 km/sec (Le. dT/d A = 5.560 sec/deg) was used, and the stan­
dard deviation on a single onset time was taken as 0. 015 seconds. In Figure 2. 2 
the errors have been plotted for the complete array and in Figure 2. 3 for the 
array with seismometers R7-R10 removed. Note the marked asymmetry in 
the azimuth and dT/d A errors in Figure 2. 2, even though the two lines of the
24.
apparentm oc iVyZ o - o ^  ONSETT,ME 0 015 SECONDS
Figure 2 .3  E rro rs  in apparent ve loc ity , d T /d A  and azim uth fo r  the 
a rra y  w ithout R7 -  RIO.
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a rra y  a re  approxim ately of equal length and alm ost at right angles; note also 
that the azim uths corresponding to m aximum e r r o r  in dT/dA also correspond 
to minim um  e r r o r  in azim uth and vice v e rs a . Another im portant re su lt is that 
the e r ro r s  in dT/dA for a fixed standard  deviation and a rra y  configuration a re  
independent of dT/dA . Let A = N V ar x, B = N V ar y and H = N Cov (x,y). 
Then (2-9) becomes
= R2 = K2 [A cos^$ -  H sin 2 $ + B sin^ $ ] (2-15)
m .s .
where K = —  . The problem  is to find the d irections in which the e r ro rs
N vt)
are  m aximum or m inim um . D ifferentiating (2-15) 
dB 2
2R ___  = K [(B -  A.) sin 2 $ -  2 H cos 2 $ ] (2-15 a)
d $
Since R > 0 for all * , dR /d $ = 0  when
tan 2 $ = 2H/(B-A) (2-16)
As tan ( 7T + x) = tan x, there  will in general be four solutions of (2-16) between
0 and 27r. Using (2-16) g rea tes t precision  in azim uth and le as t precision  in
dT/dA for the complete a rra y  are  obtained when $= 52°33’ and 232°33’ . In
addition le as t p recision  in azim uth and g rea te s t p recision  in dT /d  A occur 
o owhen $ -142 33’ and 322 33’. The maximum e r r o r  divided by the minimum 
e r r o r  for e ith e r dT/dA o r  azim uth is 1 .45 . F o r F igure 2 .3  g rea tes t precision  
in azim uth and leas t p rec ision  in dT/dA occur when $ = 88°33' and 268°33'. 
S im ilarly  leas t p recision  in azim uth and g rea tes t precision  in dT/dA occur when 
$ = 178°33' and 358°33’. In this case the ra tio  of the m aximum e r ro r  to the 
minimum e r r o r  for e ith e r dT/dA o r azim uth is 2 .28. These sim ple calculations 
dem onstrate the strong  dependence of the p rec ision  of dT/dA m easurem ents on 
azim uth and on the num ber of se ism om eters  operating.
6 (dT/dA )
dT/dA
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(ii) C orrelation and O ther Techniques.
A corre la tion  method of azim uth and dT /d  a determ ination has
been described  by B irtill and Whiteway (1965). The main application of this
technique is in picking out sm all coherent signals partly  masked by noise,
and its uses will be explored in detail in C hapter 9. The method may be
sum m arised  b riefly  as follows. F or each line the appropriate  tim e delays
corresponding to tuning to a p a rticu la r azim uth and dT/dA are  inserted  for
each seism om eter, and a summed output for each line is determ ined. Then
if E and E a re  the norm alised  output am plitudes of the summed red and K B
blue lines respectively , the c ro ss  co rre la tion  in tegral assum ing a sinusoidal 
signal of angular frequency w , (see B irtill and Whiteway, 1965), is given by
^RB (V
V T1
cos U)t cos  ( u t 4 Y R - Yß ) d t (2-17)
taking a square window of integration of length T . y and y a re  the phase1 It B
angles of the vectors rep resen ting  the summed outputs of the red  and blue 
lines respectively . Provided co T^>> 1 (in p rac tice  about 10 to 40 )
♦RB ^ E r Eb C0S ( YR -  V (2‘18)
Thus, for a continuous sinusoidal signal, <l> (t ) is independent of T if TKB 1 1 1
is sufficiently la rg e . The c o rre la to r  output  ^ p resented  as a function of 
azim uth and d A /d T  will give a maximum value at the signal azim uth and 
velocity. This assum ption of a continuous sinusoidal signal is at best only 
a very  rough approxim ation to the tru th . A com puter program m e to calculate 
apparent velocity and azim uth autom atically on the IBM 360/50 has been w ritten  
and described by M uirhead (1968b). The se ism om eter outputs a re  d igitised 
at about 25 sam ples p e r second, and the a rra y  is tuned to a wide range of 
velocities and azim uths to find an approxim ate maximum value of 4 -^ß» then 
a finer se t of co rre la tions is made over a lim ited  range of velocity and azim uth
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values to give the maximum value of <j> and hence the azim uth and d A/dT.KB
B irtill and Whiteway also considered taking a sim ple vecto r sum of the s e is ­
m om eter outputs with the appropriate tim e delays inserted  for tuning to a 
specific apparent velocity and azimuth; they showed that the sum squared 
response for an L -shaped a rra y  is in fe rio r to the c o rre la to r  response.
The co rre la tion  technique was com pared with the least-squares 
procedure for sev era l events, and the fo rm er was shown to give insufficiently 
high p recision  to be useful in the work on m antle P wave velocities. To 
illu s tra te  th is , som e selected  co rre la tion  and least-squares apparent velocity 
and azim uth m easurem ents fo r the P onset of the Novaya Zemlya nuclear 
explosion of O ctober 27, 1966 have been included in Table 2.1 (see also 
Tables 9.1 and 9. 2). A new co rre la tion  technique that appears to give m ore 
reliab le azim uth and dA /d T  m easurem ents has been described by M uirhead 
(1968a).
A F ourier transfo rm  technique of dA /dT  and azim uth determ in­
ation has been described  by Shima et al. (1964); by m easuring  the differences 
in phase angle of F o u rie r sp ec tra l densities ac ro ss  a fixed a rra y  1«, 25 km in 
length, they determ ined apparent velocities at a num ber of d ifferent frequencies. 
A modified version  of th e ir  method was devised for autom atic determ ination 
of dA /dT  and azim uth on the IBM 360/50 com puter by M uirhead (1968b), and I 
com pared the re su lts  obtained from  M uirhead’s program m e with the resu lts  
obtained from  the sam e events by fitting a velocity and azim uth through visually 
m easured  onset tim es by le as t sq u ares . The re su lts  using the F o u rie r transfo rm  
technique w ere not encouraging, and the method was consequently abandoned.
2.3 THE MEASUREMENT OF RELATIVE ONSET TIMES.
In o rd e r  to determ ine dT/dA with a p recision  s im ila r  to that 
obtained from  a la rg e  ap ertu re  a rray , such as the LASA in Montana o r the 
extended TFSO, onset tim es m ust be m easured with a standard  deviation of 
between 0.01 and 0.03 seconds. It is v irtually  im possible to m easure  P onset
29 .
h*---- 1 second — H
" V  V
Figure 2 .4  Matching technique for determining relative a rriva l 
tim es at each se ism om eter.  From  the record  at 
pit R4(a). a family of curves with different am pli­
tudes is constructed (b), and matched with the records 
at the o ther pits (c), (d).
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tim es with such an accuracy . However, if the P waves recorded at each s e is ­
m om eter a re  matched with each other, the m easurem ent of re la tive  P tim es 
to the required  accuracy is quite feasib le . A ccurate m easurem ent of the 
re la tive a rriv a l tim es of surface waves by m atching waveforms has been a 
common technique in the calculation of the phase velocities of su rface  waves 
across tr ip a rtite  a rray s  since the method was f irs t described  by Evernden 
(1953). Matching P waves having periods of about one second to an accuracy 
approaching 0.01 seconds is no m ore difficult than m atching surface  waves 
with periods of 20 seconds and g rea te r to an accuracy  of about 0. 2 seconds, 
provided a sufficiently expanded tim e sca le  is used. F or this a rra y  study a 
manual technique illu stra ted  by the Longshot reco rd s  in Figure 2 .4  has been 
used. The procedure is as follows :
1. F o r a p a rticu la r event each se ism o m ete r output is band-pass filtered
between 0 .4  and 2.0 cps and tra n s fe rre d  on to graph paper at a speed 
of about 40 m m /second using a 16-channel pen re c o rd e r .
2. In o rd er to com pensate for varia tions in amplitude between reco rd s ,
th e  P waves from  one reco rd  a re  used to construct, on tran sp aren t 
paper, a family of curves having a range of am plitudes.
3. Using this paper as an overlay, the curves a re  m atched with the P waves
recorded at each se ism om eter. The portion of the reco rd  m ost su it­
able for accurate  m atching is the section between the f ir s t  peak and 
the f ir s t  trough of the P wave tra in . In this m anner a se t of re la tive  
onset tim es is obtained.
4. The position of the f ir s t  peak (or trough), second peak (or trough), or
f irs t zero of each seism om eter output is m easured  re la tive  to a fixed 
reference tim e, thus giving o ther se ts  of re la tive  onset tim es.
So for each event, by m atching d ifferent p a rts  of the P wave tra in , 
a num ber of different se ts  of re la tive onset tim es can be obtained. In p rac tice  
two o r three sets  of onset tim es for each event were derived, depending on
31.
w hether the P onset was only fa irly  c le a r  o r  exceptionally good; each se t of 
a rr iv a l times was regarded as independent, and a value of dT/dA and azim uth 
was fitted through each se t using program m e ZCW101 A5. In  this way a total 
of about 700 values of dT /d  A and azim uth fo r f ir s t  a rr iv a ls  from  292 events 
over the d istance range 13.1° to 106.0° has been obtained; this covers the 
region of the m antle from  a depth of about 100 km to the m an tle-co re  boundary. 
O ver som e distance ranges, p a rticu la rly  between 17° and 25° which covers a 
region of the upper m antle in which there  a re  two im portant discontinuities, 
dT /d  A and azim uth m easurem ents have been made for second a rr iv a ls . All 
m easured  values of dT/dA and azim uth, together with re levant inform ation 
on the events them selves, have been lis ted  in Tables 1 to 3 of Appendix 2.
If, in any dT /d  A and azim uth determ ination, a se ism om eter residual exceeded 
0.04 seconds, the corresponding onset tim e was discarded and new dT/dA 
and azim uth values w ere calculated .
The least-squares method has been adapted for autom atic dT/dA 
and azim uth determ ination on the IBM 360/50 using digitised seism om eter 
outputs. The procedure used was to locate the f ir s t  zero  o r c ro s s -o v e r  point 
beyond the f ir s t  peak whose magnitude exceeded a certa in  specified value. The 
program m e used for this was ZCW 101 A9. Relative onset tim es were m eas­
ured autom atically  in th is fashion fo r the f ir s t  two c ro ss -o v e r  points of the 
P onset of the Novaya Zem lya nuc lear explosion of O ctober 27, 1966; the 
re su lts  a re  lis ted  in Table 2.1 fo r com parison with the azim uth and dT/dA 
values derived from  visual m easurem ents of re la tive  onset tim es. F o r events 
with la rge  . c le a r  P onsets the re su lts  a re  m ost sa tisfac to ry  even with only 
25 sam ples p e r second, and th is autom atic m easurem ent of re la tive a rriv a l 
tim es is well worth exploring fu rth er in the fu tu re.
2 .4  SOURCES OF SYSTEMATIC ERROR IN dT/dA AND AZIMUTH MEASURE­
MENTS .
Large system atic  e r ro r s  in dT/dA and azim uth values due to the 
s tru c tu re  of the c ru s t and upper m antle in the vicinity of the a rra y  a re  known
3 2 .
to ex ist, and the whole of C hapter 3 is devoted to a d iscussion of the effects 
of local s tru c tu re  on m easurem ents of dT/dA and azim uth. However, in this 
section only the problem  of whether e r ro r s  in these p a ram ete rs  due to d iffer­
ences in the instrum ental constants of the individual seism om eters  and to 
the e llip tic ity  of the earth  will be considered .
(i) The Effect of D ifferences in Seism om eter C onstants,
M uirhead (1968b) investigated the problem  of phase shifts 
due to sm all d ifferences in se ism om eter constants in a medium apertu re  a rra y . 
He showed that for an instrum ent with a natural frequency of 0 .9  cps record ing  
a sinusoidal motion of period one second, the f ir s t  zero  o r c ro s s -o v e r  point 
of the recorded  wave would be 0.04 seconds la te r  than if the instrum ent had 
a natural frequency of 1.1 cps; he also showed that the effect of differences 
in damping constants of the seism om eters  was of second o rd e r and could be 
neglected. The se ism o m ete r calibration  schem e in operation for U .K .A .E .A . 
a rray s  has been described  by Keen e t a l . (1965), The natural frequency of 
each seism o m ete r can be obtained from  the damped oscillations of the s e is ­
m om eter m agnets recorded  regu larly  on the WRA tapes as p a rt of the c a lib ra ­
tion routine. Such a calibration  trace  is given by the expression
F(t) = Aq exp ( -  A cot ) cos ( /  [ 1 -  A2 ]w t + e ) (2-19)
where A is the damping constant, w the natural angular frequency of oscillation 
of the se ism o m ete r m agnet and t denotes tim e; Aq and € a re  constants. This 
is damped harm onic motion of period
T = 2tt/ ( u) / [ 1  -  A2 ] ) (2-20 )
Though the oscillations of any calibration  trace  can be seen to die away, for 
R1 on 27.8 . 67, X was found to be (1.69 -  0.13) x 10~2. T herefore the e r r o r  
introduced in T by neglecting the Al -  A "]te rm  in (2-20) is only about 1 pa rt 
in 6000 so that the m easured  period is effectively the natural period of the 
se ism om eter m agnet. The damping constants fo r all o ther free  period traces
33.
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-2are  c learly  very  close to 1.7 x 10 . The natural periods of the seism o m ete rs
were m easured  on four days, and the re su lts  a re  sum m arised  in Table 2 .2 .
I'h is d isparity  in the natural periods of the instrum ents and its 
possible effect on the m easured  onset tim es was rea lised  early  in 1967, but 
owing to the la rg e  system atic  e r ro r s  found in dT /d  A and azim uth m easurem ents 
due to local s tru c tu re ,it  was decided not to pursue the problem  quantitatively 
until a way of co rrec tin g  adequately for local s tru c tu re  had been found. When 
a complete d T /d  A curve had been obtained by the method described  and su cc e ss ­
fully applied in C hapter 4, it was then pertinen t to find out w hether it was 
possible to reduce the s c a tte r  in the data and som e of the system atic  e r ro r s  by 
co rrecting  the re la tiv e  onset tim es to allow for the d ifferences in the natura l 
periods of the se ism o m e te rs . It is possible in principle to rem ove e r ro r s  due 
to this cause by using the following sim ple technique. F or a p a rticu la r event the 
period of the f ir s t  cycle of one se ism o m ete r output is m easured . Then a 
correction  to each re la tiv e  onset t im e  m easured  e ith e r by m atching peaks (or 
troughs) o r c ro s s -o v e r  points is obtained from  Table 2 .2  p repared  from  the 
graphs of F igure 24 of M uirhead (1968b), and rev ised  values of dT /d  A and 
azim uth a re  calculated from  the new se t of onset tim es . However, for the 
m ajority  of events the f i r s t  half second only of the P a rriv a l has been m atched, 
and the frequency was generally  between 1 .0  and 2 .0 cps so that the co rrec tions 
a re  negligible. 17 events occurring  between 1 .8 .6 7  and 31.10.67 and between 
1 .10 . 66 and 31 .1 .67  w ere exam ined, and of these it was found that for ten of 
them the co rrec tions fo r the natural periods of the seism om eters  w ere negligible 
fo r any of the se ts  of onset tim es; the re su lts  of applying co rrec tions to seven 
events a re  sum m arised  in Table 2 .3 . It is evident that this approach does not 
give a noticeable im provem ent in the precision  of dT/dA and azim uth m e asu re ­
m ents, though it is worth rem ark ing  that in each case the value of dT/dA is 
increased  by about half its standard  e r ro r ;  a sligh t im provem ent in p rec ision  
was obtained for the four events occurring  in the la tte r  half of 1967, and a slight 
reduction was found fo r the o ther th ree . As expected the varia tions in natu ral
37 .
period ac ro ss  e ith e r arm  of the a rra y  a re  not sy stem atic , so that any resu lting  
system atic e r ro r s  in dT/dA and azim uth would be sm all. It is thus concluded 
that the effect of the differences in the natural periods of the seism om eter 
m agnets on the onset tim es is, in alm ost all instances, too sm all to produce 
appreciable s c a t te r  o r system atic  e r ro r s  in values of dT/dA and azim uth. 
N evertheless it is im portant that the natura l periods of the seism om eters  at 
WRA should be kept very  close to one second . . The heights of the individual
se ism om eters a re  lis ted  in Table 1 .1 . The difference in elevation of the highest 
and lowest se ism o m ete rs  of the a rra y  is about 130 ft (40 m .) . The system atic  
difference in a rr iv a l tim e for an event at a d istance of 30° that would be caused 
by this height d ifference is 0.005 seconds, assum ing a P wave velocity of 6 .0  
km /sec  at the su rface . The e r ro rs  introduced by neglecting the differences in 
altitudes of the se ism o m ete rs  a re  therefo re  negligible.
(ii) The Effect of the E a rth ’s E llip ticity  .
A nother source of system atic  e r r o r  in d T /d  A m easurem ents 
is the ellip tic ity  of the ea rth . According to Bullen (1937, 1963, pp. 179-181) 
the e llip ticity  co rrec tio n  to the travel tim e 6 T is given approxim ately by
<5T = f (A ) ( h 0 + h 1 ) (2-21)
where h„ and h a re  the differences between the actual and the mean rad ii of 0 1
the earth  at the ep icen tre  and observing station, and a re  lis ted  on p. 162 of
dTBullen (1937); f(A) is given on p. 323 of Bullen (1938a). S ince5 (-— ) is
“ “ — -- - - -  —  a  A
required , the mid point of each of Bullen’s latitude in tervals corresponding to 
a p a rticu la r h has been found. Then, using these latitudes, an interpolation 
polynomial has been fitted through the points between 5 .0° and 84 .3° by the 
method of divided d ifferences; h was tabulated as a function of latitude at 
in tervals of 0 .2 ° . A s im ila r  procedure was perform ed for f (A ) which Bullen 
gave at in tervals of 10°; f(a) was tabulated at in tervals of one degree. 6T 
was calculated for a num ber of im aginary ep icen tres at in tervals of 5° from  
5° to 100° and at azim uths of 0°, 30° , 60°, 90°, 120°, 150° and 180° from
T
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WRA with the aid of com puter program m e ZCW101B2. F inally approxim ate 
dTvalues of 6 (—  ) w ere determ ined by differentiating the tables of 6T. The 
reason  for interpolating Bullen’s tables was to enable values of 6 T to be ca l­
culated that w ere sufficiently p rec ise  to facilita te  this num erical d ifferentiation. 
The resu lts  are  displayed in Table 1 of Appendix 3, and will be d iscussed  fu rther 
in Chapter 4. At this stage it suffices to com m ent that for an a rra y  such as 
WRA at a latitude of about 20° the maximum e r r o r  that can be introduced into 
a portion of a dT /d  A curve due to e llip tic ity  is -  0„024 sec /deg ; the effect 
of the e a r th ’s ellip tic ity  is therefo re  quite significant.
2.5 THE SELECTION OF EVENTS FOR AZIMUTH AND dT/d a MEASUREMENTS, 
AND ERRORS IN EPICENTRE DETERMINATIONS.
In this section the c r i te r ia  used to se lec t events fo r azim uth 
and dT /d  a m easurem ents a re  exam ined. Events recorded  at WRA w ere inspected 
on a he lico rder output of a single seism o m ete r channel, and if the P onset seem ed 
c lea r  and the signal to noise ra tio  was fa irly  la rg e , the event was tra n sfe rred  
from  magnetic tape on to paper in the m anner described  e a r lie r , provided that 
at leas t five seism om eters in each line w ere working. Thus only the visual 
ch a rac te ris tic s  of the events recorded  at the a rra y  w ere used in selecting  data; 
no reference to U .S .C .G .S . magnitude determ inations was m ade. The azim uth, 
distance, focal depth and the expected a rriv a l tim e derived from  the J -B  tab les, 
together with the number of stations used in the ep icentre  determ ination of each 
event, w ere obtained from  the ’ G edess' bulletins p repared  monthly from  the 
U .S .C .G .S . P re lim in ary  Determ ination of Epicentre (P .D .E .)  Cards and supplied 
by the U .K .A .E .A . The records used have been divided into four m ain c lasses  
as explained in Table 2 .4 . Each of these c lasses  has been subdivided into th ree  
fu rther categories on a m ore qualitative b a s is . The c lass  allotted to each event 
is lis ted  in Table 1 of Appendix 2. This classification  schem e has been devised 
to indicate the re liab ility  of the data obtained from  any event, and its signifi­
cance and usefulness will be considered in C hapter 8. P r io r  to May 1966, the 
azim uths in the ’G edess’ bulletins w ere given only to the n eares t degree. As
40 .
Figure 2 .5 Section through earth  showing a ray  path from an earthquake to a 
record ing  station.
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azim uths w ere requ ired  to the n earest tenth of a degree, it was n ecessa ry  to 
calculate the azim uths of all events occurring  before May 1966 using com puter 
program m e ZCW 101 A l.
A section through the earth  showing a ray  path of p a ram e te r p 
is shown in F igure 2 .5 . F or an earthquake occu rring  at depth h and epicentral 
distance A , the value of dT/dA m easured  at an a rra y  will correspond  to an 
adjusted distance A  ^ , where Aq is m easured  from  the point w here the exten­
sion of the ray  path beyond the focus reaches the su rface . F o r a r ra y  m easu re ­
m ents of dT /d  A it is preferab le  to adjust all d istance values to correspond to 
Aq , and this p rocedure has been adopted for all earthquakes used in this 
th e sis . At d istances g re a te r  than 28° events at any focal depth w ere used, 
but at sh o rte r  d istances earthquakes at depths of le ss  than 130 km w ere p re ­
fe rre d . The reason  for this is that at la rge  d istances the uncertain ty  in the 
distance co rrection  for different upper m antle models is sm all, but becomes 
la rg e r  as the d istance d e c rea se s . In the ea rly  stages of this work values of 
Aq were calculated using an assum ed s tru c tu re  of the c ru s t and upper m antle 
fo r shallow events o r using the extended distance tables of Hodgson and Storey 
(1953) for earthquakes occurring  at depths g re a te r  than 60 km . A fter the 
publication of the 1968 Seism ological Tables for P P hases, a com puter p ro ­
gram m e (ZCW 101 C2) was w ritten which enables adjusted d istances to be 
calculated for ray  paths of specified p a ram e te r trave lling  through any upper 
m antle model. Adjusted d istances w ere subsequently calculated fo r the upper 
m antle model used in p reparing  the 1968 Seism ological Tables fo r P Phases; 
they a re  lis ted  in Table 2 of Appendix 2.
It is im portant to point out that all ep icen tres  used w ere the 
p re lim inary  U .S .C .G .S . determ inations obtained using the J -B  travel-tim e 
tab les. Recent trave l-tim e studies by C arder, Gordon and Jordan  (1966) , 
C leary  and Hales (1966) and Lilwall and Douglas (1970), as well as those of 
H errin , Tucker, T aggart, Gordon and Lobdell (1968), have revealed  sy stem ­
atically  sh o rte r trav e l tim es at te lese ism ic  d istances than those of Jeffreys 
and Bullen. These new travel-tim e curves do, however, show system atic
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differences among them selves, and this problem  will be exam ined again in
C hapter 4. The im portant fact is that significant system atic  e r ro r s  in ep icentre
and focal depth determ inations alm ost certa in ly  ex ist, and very  little  can be
done about th is until the trave l tim e con troversy  has been reso lved . As fa r  as
random varia tions in ep icentre locations for a p a rticu la r region a re  concerneds
the ep icen tres them selves a re  in all probability  accurate to 50 km or about
0 .5°; this is not te rrib ly  serious at te lese ism ic  d istances, but is a problem
in upper m antle work. Superposed on these random e r ro r s  will be some
so rt of regional effect or b ias. The effect of e r ro rs  in ep icen tre  locations on
dT/dA m easurem ents is to increase  the s c a tte r  of the data especially  in those
2 2p arts  of the dT /d  A curve where d T / d A  is la rg e . The effect on azim uth 
can be calculated by applying the sine theorem  of spherical trigonom etry  (see 
O tsuka, 1966a) to ASEE’ of F igure 2 .6 .
sin  d $ = sin D sin 0 /s in  A (2-22)
d$ is maximum when 6 = -  90°.
sin I d $ ! = sin D /  sin Amax
1 .9 ° , 1 .0° and 0 .5°  at d istances of 15°, 30
(2-23)
o
Hence
Taking D = 0. 5°, | d $ 
and 80° respective ly . E r ro rs  in focal depth determ inations, p a rticu la rly  
for deep focus earthquakes, may well produce as much s c a tte r  in the dT /d  A 
data as ep icentre  m islocations. As an exam ple, for an event at a d istance of 
40 .0° and a focal depth of 400 km an e r r o r  in the depth determ ination of 50 km 
will produce a corresponding e r ro r  in the ad justed  distance of 0 .4 ° .
44 .
CHAPTER 3
THE STRUCTURE BENEATH THE ARRAY
3.1 in t r o d u c t io n  .
In the early  stages of this p ro jec t it was im portant to find out 
how serious were the effects of s tru c tu re  in the v icinity  of the a rra y  on the 
m easurem ents of dT /dA and azim uth. F o r events at te lese ism ic  d istances 
(A > 28° ) the m easured  azim uths and dT/dA  values often differed significantly 
from  the true  azim uths and the values of dT /dA  derived from  e ith e r the 
Je ffrey s-B ullen (J-B) Tables (1958) o r the new Seism ological Tables fo r P 
Phases (1968). In addition the e r ro r s  in the m easurem ents of onset tim es, 
in ep icentre  determ inations o r in the travel-tim e tables them selves could 
only account for anom alies in both dT/dA  and azim uth an o rd e r of magnitude 
le ss  than those observed. Niazi (1966) considered the effect of a dipping 
M -discontinuity on m easurem ents of slow ness and azimuth* Using the theory 
outlined in N iazi's paper, two com puter p rogram m es have been w ritten that 
w ill work out the effect on dT/dA  and azim uth of any combination of dipping 
in terfaces for a se ism ic  event whose azim uth and distance a re  accura te ly  
known. From  the re su lts  of the se ism ic  experim ent WRAMP, Underwood 
(1967) in ferred  the presence  of a n e a r-su rfa ce  dipping s tru c tu re . As m ore 
dT/dA  and azim uth m easurem ents accum ulated,it becam e evident that the 
s tru c tu re  beneath the a rra y  could not be approxim ated by a single plane dipping 
in terface. Although P  a rriv a ls  from  som e azim uths do show azim uth and 
dT/dA  anom alies consisten t with a s tru c tu re  s im ila r  to that derived by 
Underwood, the overall p icture is one of g rea t com plexity.
The main purpose in deriving m odels of the local s tru c tu re  is to 
enable co rrections to be applied to dT /dA  values before inverting the data to 
obtain  a velocity d istribu tion . However, if the s tru c tu re  is of g rea t com plexity, 
this is no longer feasib le , and an em pirica l method of co rrec ting  dT/dA  
m easurem ents m ust be used. N evertheless, the anom alies in dT/dA  and
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azim uth s till provide valuable inform ation on the s tru c tu re  beneath th e  a rra y .
In recent y ears  severa l trav e l-tim e  studies have shown that the trav e l-tim e  
residuals at a single station are  azim uthally dependent (R itsem a, 1959, C leary 
and Hales, 1966, Otsuka, 1966a, b, Bolt and Nuttli, 1966 and H errin  and 
T aggart, 1968). This suggests that a sea rch  for azim uthal variations of the 
trav e l-tim e  residuals for te lese ism s at a medium ap ertu re  a rra y , such as 
WRA, might well perm it som e lim itations to be placed on the depth and cause 
of the dT/dA  and azim uth anom alies. Since the sim ple approach of trying to 
fit one o r m ore dipping in terfaces beneath the a rra y  has not been en tire ly  
successfu l, an attem pt to derive a ’s tru c tu re  su rfa c e ’ that will produce the 
observed azim uth and dT /dA  anom alies has been m ade. C urvature of the 
wave front o r m arked changes in wave form  of the P a rriv a ls  from  one s e is ­
m om eter to another seem  to originate from  specific regions below the a rra y . 
Consequently a method that enables a map of these regions to be drawn has 
been devised and tentatively  applied.
3 .2  ANOMALIES IN dT /dA  AND AZIMUTH MEASUREMENTS.
There is evidence from  nuclear explosion studies that the e a r th ’s 
mantle becom es re la tive ly  homogeneous between 700 and 800 km . In view of 
th is, P a rr iv a ls  from  events at distances g re a te r  than 30° a re  often m ore 
suitable for deriving re liab le  dT /dA  and azim uth values owing to th e ir  com par­
atively sim ple wave fo rm s. F o r this reason  P a rriv a ls  from  events between 
30° and 100° were studied f ir s t .  The a rra y  itse lf was put into operation just 
in tim e to record  the nuclear explosion Longshot. When the a rra y  records of 
this explosion w ere analysed tow ards the end of 1966, they provided a m easu re ­
ment of dT/dA  which was about 11 p e r  cent higher than that predicted by the 
Je ffrey s-Bullen trav e l-tim e  curve. At that tim e trav e l-tim e  studies by C leary 
and Hales (1966) and by C ard er e t a l. (1966) strongly  suggested that the J-B  
value for dT/dA  was in e r r o r  by less  than 1 p e r cent at a d istance of 81 .2°.
It seem ed likely that the la rge  system atic  e r r o r  in dT/dA  was due to c ru sta l 
s tru c tu re  beneath the a rra y , and consequently a f ir s t  approxim ation to this
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Fiji Islands Region 9.10.66.
h= 220  km A = 46.5*, azimuth = 98.3*
Pass Band 2 .0 - 4 .0  cps
1 sec
Figure 3.1 The Fiji Islands Region earthquake of 9 .10 .66  showing two d istinct 
a r r iv a ls , (i) pass band 2.0 to 4 .0  cps. (Note that the f irs t phase 
is alm ost com pletely damped out at B8 to B10. F ir s t  detectable 
motion is shown by the sm all m a rk e rs .)
Fiji Islands Region 9 .1 0 .6 6 .  
h = 22 0  km A = 46.5° azimuth = 98.3°
Pass Band 0 . 4 - 2 . 0  cps 
R1
R2
1 sec
Figure  3. 2 The Fiji Islands Region earthquake  of 9 .10 . 66 showing two d is tinc t
a r r iv a l s ,  (ii) pass  band 0 .4  to 2 .0  cps .  (Note that the output of 
R1 is fau lty .)
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s tru c tu re  was obtained using data from Longshot and some selected  earthquakes. 
The resu lts  of this work have been described  in one of the supporting papers, 
C leary et a l. (1968).
It soon became evident that appreciable system atic  e r ro r s  in 
both dT/dA  and azim uth occurred  for P a rr iv a ls  from events at nearly  all 
azim uths and d istances. E arly  in 1967, I noticed that fo r events from  the F iji 
and Tonga Islands regions, at d istances between 40° and 50° and at azim uths 
between 93° and 101°, dT/dA fluctuated in a com pletely unpredictable way by 
as much as 1 .7  sec /d eg . F u rth er, the azim uth anomaly varied  only slightly, 
and there  w ere m arked system atic  changes of wave form  of the P onset across 
both lines of the a rray ; also for som e events the P a rriv a l was sharp  at R1 
to R4 and ac ro ss  the blue line, but was both strongly damped and severe ly  
d istorted  at se ism om eters  R7 to RIO. Soon a fte r I had drawn attention to this 
rem arkab le  effect, D r. M uirhead of the Engineering Physics D epartm ent 
discovered an in teresting  event at an azim uth of 98 .3°, an ep icen tral distance 
of 46. 5° and a focal depth of 220 km; it showed two distinct onsets that became 
p rogressively  fu rth e r apart ac ro ss  the red  line but not acro ss  the blue line, 
and is shown in F igures 3.1 and 3 .2 . This event is No. 160 of Appendix 2, 
and event 163 and possibly 162 show these two separa te  phases. These two 
phases a re  only seen c learly  when the reco rd s  are  band-pass filtered  between 
0 .4  and 4 .0  cps o r p referab ly  between 2 .0  and 4 .0  cps. An in terpreta tion  of 
this phenomenon will be presented  in section 3. 6.
The changes of wave form , but not the separation  into two phases, 
w ere subsequently found for events from  New Zealand at a d istance of about 
41° and an azim uth of about 125°, from  regions between azim uths of 290° and 
320° at d istances of le ss  than 55°, and also from  the New H ebrides and Loyalty 
Islands regions at azim uths between 88° and 100° and d istances of about 35°.
F or these th ree  azim uth ranges the irreg u la ritie s  a re  associated  largely , 
but not en tire ly , with the red  line of the a rra y . M oreover, earthquakes of the 
Japan region, at azim uths between 0° and 10°, show to tally  different azim uth 
anom alies from  events between 10° and 30° . Also th ree  events from  the W est
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Table 3 .1 . Azimuth and dT/dA M easurem ents, and Seismometer
Residuals Relative to the Origin of the A rray . (Calculated 
Using the Cleary and Hales Apparent Velocity and the 
Station to Epicentre Azimuth for 4 West Caroline Islands 
Earthquakes. )
Event 39 Event 42
Corrected Distance, deg 31.8 32.7
Azimuth, deg 9.9 11.8
Cleary and Hales Apparent 
Velocity, k m /se c 12.31 12.48
Residual for Each Matching Technique, sec
Seismometer■ Peak A F i r s t
Zero
Trace Peak A F ir s t
Zero
Trace
B1 0.018 0.002 0.008 0.007 0.004 0.005
B2 -0.001 0.004 0.006 - - -
B3 -0.019 -0 .024 -0.029 0.006 0.004 -0 .007
B4 -0.027 -0 .026 -0 .024 -0.050 -0 .052 -0 .057
B5 -0 .030 -0 .012 -0 .022 -0.051 -0.049 -0 .040
B6 - -0 .068 -0.073 -0.083 -0 .064 -0 .076
B7 -0.058 -0.048 -0 .053 -0.091 -0.079 -0 .079
B8 -0 .064 -0 .056 -0 .062 -0.120 -0 .116 -0.107
B9 -0 .052 -0 .022 -0.027 -0.099 -0.100 -0 .104
BIO -0.055 -0 .060 -0.075 -0.109 -0.100 -0.101
R1 -0 .009 -0 .009 -0 .012 -0.015 -0.025 -0 .017
R2 0.031 0. 048 0.046 0.004 0.026 0.022
R3 - - - 0.010 0.011 0.009
R4 0.023 0.030 0.026 0.038 0.038 0.033
R5 0.041 0.051 0.045 0.046 0.042 0.048
R6 0.028 0.046 0.035 0.057 0.062 0.060
R7 0.057 0.077 0.072 0.042 0.035 0.042
R8 0.099 0.119 0.119 0.031 0.034 0.038
R9 0.084 0.092 0.079 0.051 0.044 0.047
RIO 0.074 0.097 0.084 0.060 0.062 0.060
A zim uth , deg 6 .6 -0 .4
Apparent Velocity, km /sec  ^
0.08
5 .9 -0 .5  6 .2 -0 .5
11.79^ 11.72-
0.10 0.11
9 .1 -0 .4
11.52-
0.08
9 .2 -0 .4
11.58-
0.09
9 .1 -0 .4
11.58^
0.08
5 0 .
Table 3.1 (Contd)
Event  41 Event  40
C o r rec ted  Dis tance ,  deg 32.7 32.6
Azimuth,  deg 11 .6 12.6
C leary  and Hales Apparen t
Velocity,  k m / s e c 12.48 12.46
Residual  for  Each Matching Technique,  sec
S e is m o m ete r Peak  A Peak B T rac e Peak  A Peak  B T race
B1 -0.011 - 0 .0 0 2 -0 .027 0.022 0.014 0.023
B2 - - - - - -
B3 -0 .0 4 4 -0 .037 -0 .0 4 3 -0 .013 -0.021 -0 .018
B4 - - - - 0 .0 3 2 -0 .026 -0 .027
B5 - 0 .0 1 2 -0 .0 1 2 -0 .0 0 4 -0 .0 1 2 -0 .027 -0 .014
B6 -0 .0 3 4 -0 .0 0 2 -0 .041 -0 .067 -0 .068 -0 .064
B7 -0 .0 6 4 -0 .067 -0 .061 -0 .0 5 4 -0 .050 -0 .0 4 6
B8 - -0 .0 5 5 -0 .061 -0 .0 8 2 -0 .083 -0 .0 8 2
B9 -0 .0 8 4 -0 .081 - 0 .0 9 2 -0 .090 -0 .068 -0 .083
BIO -0 .111 -0 .0 6 4 -0 .1 0 6 -0 .0 7 5 -0 .076 -0.071
R1 - 0 .0 1 6 -0 .0 1 0 -0 .013 0.006 -0 .0 0 2 0.004
R2 0.022 - 0.034 -0 .030 -0 .0 2 4 -0 .027
R3 -0 .009 0.012 -0 .008 -0 .039 -0 .037 -0 .033
R4 0.022 - 0.039 0.001 0.015 0.000
R5 0.036 0.035 0.024 0.013 0.010 0.004
R6 0.027 0.036 0.027 0. 000 0.009 0.004
R7 - 0 .0 0 2 0.002 0.001 -0 .031 -0 .024 -0 .023
R8 -0 .011 - 0 . 0 0 2 0.003 -0 .0 4 4 -0 .059 -0 .053
R9 0.006 0. 021 0.016 - - -
RIO 0.017 0.017 0.017 -0 .0 5 5 -0 .076 -0 .050
Azimuth,  deg 10 .7 -0 . 5 1 0 . 6 - 0 . 5 1 0 . 5 -0 . 5 1 3 . 6 -0 . 5 1 3 . 9 -0 . 6 13.6-0 .5
Apparent  Velocity,
k m / s e c 11 .76- 11.93 - 11.78 - 11.77 - 11.80 - 11.81 -
0.11 0 .12 0.11 0.10 0.12 0.10
5 1 .
Caroline Islands region close to 10° show s im ila r  dT/dA  anom alies, but the 
azim uth anomaly changes by 5° over an azim uth range of 2 .7°; re la tive  to 
the origin o r c ro s s -o v e r  point of the a rra y  this corresponds to a change of 
se ism om eter residual at RIO of 0,15 seconds. This s trik ing  se t of observations 
has been sum m arised  in Table 3 ,1 . Note the system atic  change in residuals 
across the red  line, p a rticu la rly  from  R7 to RIO, as the azim uth changes from  
9 .9° to 12. 6°, It is also worth rem ark ing  that fo r events at azim uths between 
0° and 10° and over the d istance range 48° to 65°, the azim uth anomaly is 
changed d ram atically  by rem oving R7 to RIO »without a ltering  dT/dA  by any 
significant am ount. A s im ila r  effect is observed fo r events at d istances 
between 30° and 83° at azim uths between 290° and 320°, but both dT/dA  and 
azim uth a re  affected. F or both of these azim uth ranges the assum ption that 
a plane wave c ro sse s  the a rra y  is no longer a good approxim ation, and the 
data show once again that much of the trouble is connected with the red line 
of the a rra y . Thus, at this s tage , it was apparent that som e kind of irreg u la rity  
in local s tru c tu re  was causing com plexity in P a rr iv a ls  and curvature  of the 
wave front fo r sev era l d istinc t azim uth ranges. Some pertinent observations 
to illu s tra te  these points have been displayed in Table 3„ 2.
3 .3  PRELIMINARY WORK ON LOCAL STRUCTURE.
If a thin p lanar beam  of se ism ic  rays is incident on a dipping 
interface between a half space and an overlying su rface  lay er, the rays a re  
deflected out of the v e rtica l plane of incidence of azim uth <3> re la tive  to the 
direction of s tr ik e , and a rriv e  a t the surface  from  a new azim uth <P and with 
a new apparent velocity . Niazi (1966) showed that the d irection  cosines of 
the beam reaching the su rface  (1, m, n ) a re  given by
1 = - ( m b + n c) /  a (3-1)
m = (cos r ’ -  n cos d) /  sin a (3-2)
n = cos r ' cos a  -  a sin a sin r  ’ (3-3)
where (a, b, c) a re  the d irection  cosines of the norm al to the apparent plane
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of incidence,, a  is the angle ol dip and r ? is the angle of re frac tion . Let i be 
the angle the incident beam in the low er medium makes with the v e rtica l, and 
le t v and v be the wave velocities in the upper and low er medium respectively
.1 Li
(see Figure 1 of N iazi, 1966). Then according to Niazi
a = ( tan a cot i -sin<t» ) / R (3-4)
b -  cos4> /  R (3-5)
c -  -  tan o l cos <t> /  R (3-6)
where R = [ 1 + tan 2 2 2 2 g; cot i + tan a  cos "4»- 2 sin  <t>tan a  cot i ] 4 (3-7)
and sin r ’ = v [ 1 2 -1 ,-  (sin i sin 4» sin a+ cos i cos a )  ] /v (3-8)
The apparent velocity  V' and azim uth <f>’ of the re frac ted  beam  can then be 
determ ined from  the expressions
V' = v /  /  (1 -  n2 ) (3-9)
<t>- = tan 1 (m/1 ) (3-10)
This basic theory has been used in com puter program m es ZCW101 A4 and 
ZCW101A8. It is worth noting that Niazi s ta tes  that only the minus sign in 
(3-3) leads to the c o rre c t num erical re su lts ; this is wrong: the plus sign 
gives the c o rre c t re su lts . Niazi also published 18 tables giving corrections 
to dT/dA  and azim uth determ inations fo r a s e r ie s  of dip angles and velocity 
co n tra s ts . For the work on the ’s tru c tu re  su rfa ce ’ described  in section 3.5, 
N iazi's tables w ere found to be insufficiently detailed . Consequently p ro ­
gram m e ZCW101 A4 was designed to enable a much m ore detailed  se t of tables 
to be p rep ared . P ro g ram m e ZCW101A8 calculates the effect of one o r m ore 
dipping in terfaces on the P a rriv a l from  a specific event.
Having identified the azim uth ranges in which irreg u la ritie s  in 
local s tru c tu re  a re  se r io u s , it was then im portant to find out w hether it was 
possible to derive a c ru s ta l model, consisting of a single dipping in terface, 
which would p artly  explain the anom alies in dT/dA  and azim uth, and give 
f ir s t  o rd e r co rrec tio n s  to dT/dA  and azim uth for the rem aining azim uth ranges.
54 .
An alternative approach to the problem  ol co rrec ting  dT/dA  for local s tru c tu re  
would be to derive  a m athem atical function to rep resen t each se ism o m ete r 
residual. F o r P a rr iv a ls  from  m ost events the assum ption that a plane wave 
front c ro sse s  the a rra y  is com pletely ju stifiab le . The standard  deviation 
o\ on a single onset tim e due to random reading e r ro r s  is in the range 0.010 
to 0.015 seconds. This gives an indication of the 'in te rn a l’ consistency of 
the onset tim es . When, however, the se ism o m ete r residuals them selves are  
used (see equation 2.14), the standard  deviation cr^  is in the range 0.010 to 
0.030 seconds, thus giving an estim ate  of the 'ex te rn a l' consistency of the 
data; the h igher values of <r frequently occur fo r events in the d istance and 
azim uth ranges of Table 3. 2, showing that the plane wave front m odel is 
usually adequate for o ther azim uth ranges. So fitting a plane dipping in te r­
face below the a rra y  can be regarded as equivalent to, and in many ways 
preferab le  to, the a lte rnative  method of determ ining em pirica lly  a co rrec tion  
for each se ism o m ete r.
Underwood, El lis ten  and Mathews (1968) have described  a 
seism ic  experim ent which involved firing  an explosive charge in a m ine close 
to the a rra y . F rom  an analysis of a rr iv a l tim es from  this shot, Underwood 
(1967) has in fe rred  the p resence  of a dipping in terface between m etasedim ents 
and basem ent below the a rra y , which he estim ates to dip 5° in a d irec tion  
200°. The P wave velocities in the upper and low er m edia w ere estim ated  
to be 5 .42  and 6.10 k m /sec  respectively , and the depth of the la y e r beneath 
the c ro s s -o v e r  point of the a rra y  was estim ated  to be 1 km .
In working out a crustal s tru c tu re  consisting of one o r  m ore 
dipping in te rfaces, using a single te le se ism  o r several te le se ism s at s im ila r  
azim uths, accura te  knowledge of both the azim uths and the expected values 
of dT/dA  of the P waves c rossing  the a rra y  a re  requ ired . F or the m ajo rity  
of earthquakes the azim uth is known accura te ly , but the dT /dA  values 
determ ined by d ifferen tia ting  the J-B  o r  any o ther trav e l-tim e  tab les a re  not, 
owing to the p resence  of e r ro r s  in the tab les. Hence the p rocedure adopted 
in the ea rly  stages of this work was to se lec t a re a lis tic  model of the c ru s t
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p—10-11 sec/deg
AZIM U TH , deg
^  p-4-45 sec/deg
p-6-54 sec/deg
A Z IM U T H , deg
p«10 11 sec/deg
F ig u re  3 .3  A nom a lies  in  d T /d A  and az im u th  fo r  a plane d ipp ing  in te rfa c e . 
A z im u ths  a re  m easured  fro m  the d ip  d ire c tio n .
( v  = 5. 74 k m /s e c , = 8. 20 k m /s e c , a  = 7. 0° ) .
56 .
and to adjust the dip angle and dip d irection , keeping the P wave velocities 
constant, until the apparent velocity and azim uth calculated using the s tru c tu re  
agreed with the m easured  values. Obviously an infinite num ber of models 
would fit the data, and any s tru c tu re  with a specific velocity con trast could 
be replaced by an equivalent s tru c tu re  having a d ifferent velocity con trast 
and dip angle.
Jeffreys (1962b) rea lised  from  a study of Pacific nuclear ex­
plosions that the J-B  trav e l tim es for P requ ired  sm all m odifications. At 
this stage it suffices to com m ent that m ore recen t trav e l-tim e  studies give 
consistently  sh o rte r  trav e l tim es than J-B  at distances g re a te r  than 24°, but 
show sm all system atic  e r ro r s  among them selves. Consequently dT/dA  is 
not yet known sufficiently accurately  over any distance range to enable p a rt 
of a dT/dA  curve to be used to calib rate  an a rra y .
The effect of a plane dipping in terface is to introduce approxi­
m ately sinusoidal varia tions in azim uth and dT/dA  as a function of azim uth 
that a re  90° out of phase. This phenomenon is illu stra ted  in Figure 3. 3 for 
th ree  d ifferent dT/dA  values. In the dip d irection the dT/dA  anomaly is 
leas t, and the azim uth anomaly changes from  negative to positive. An 
im portant re su lt is that the effect of sev era l plane dipping in terfaces on 
dT/dA  and azim uth m easurem ents is indistinguishable from  that of a single 
in terface. The effects of a s tru c tu re  consisting of a single plane dipping 
in terface can be separa ted  from  e r ro r s  in a given dT/dA  curve if data from  
earthquakes occurring  at s im ila r  d is tances, but at opposite azim uths, a re  
used (Niazi, 1966). The distribution  of regions of high seism ic ity  with 
respec t to WRA is such, however, that approxim ately equidistant events at 
opposite azim uths a re  r a re  occu rren ces. One such occurrence has been used 
to determ ine two possib le s tru c tu re s . The f ir s t  is a sim ple s tru c tu re  involving 
a single dipping in terface between sedim ents and basem ent beneath the a rra y . 
The second s tru c tu re  involves two dipping in terfaces; a dipping M -discontinuity 
has been placed below the superfic ial s tru c tu re  derived by Underwood (1967).
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These s tru c tu re s  were determ ined using th ree  earthquakes from  the Aleutian 
Islands and the nuclear explosion Longs hot, corresponding to a distance range 
of 79.4° to 840 7° and an azim uth range of 20° to 30°, together with one 
earthquake south of A frica at a d istance of 84» 0° and an azim uth of 215. 7° 
(events 143, 146, 147, 149 and 214 of Appendix 2). These s tru c tu re s  are  
lis ted  in Table 3 .3 . The ’re v e rs a l’ technique gives only an approxim ate 
correction  fo r the local s tru c tu re  since the P waves from  the South of A frica 
event a re  affected by a slightly d ifferent s tru c tu re  from  that affecting the 
a rr iv a ls  from  the Aleutian Islands.
It has already been pointed out that m easurem ents of dT/dA and 
azim uth fo r a wide range of azim uths and d istances have revealed that the 
c ru sta l s tru c tu re  can change quite sharp ly  over a sm all azim uth range. In 
p a rticu la r, it has been discovered that the s tru c tu re  affecting P waves a rriv ing  
between 340° and 10° in azim uth is quite different from  that between 20° and 
30°. M oreover, for some azim uths the s tru c tu re  appears to be d ifferent for 
P w aves a rriv in g  from  different d is tances. Consequently the P onset from  
the Novaya Zemlya nuclear explosion of O ctober 27, 1966, has been used to 
determ ine two possible types of s tru c tu re , involving a single dipping in terface  
and two dipping in terfaces respectively , which it was hoped would give reaso n ­
ably good se ism om eter co rrections in the azim uth range 335° to 355° (see 
W right and M uirhead, 1969).
WRA Structure from  the Novaya Zem lya Explosion. The initial 
P onset of the explosion was sharp , and a la rg e  quantity of energy was p resen t 
in the f ir s t  3 seconds of the reco rd . F igure 3» 4 shows the tra ces  of P on 
fifteen se ism o m ete rs . It is not c lea r  w hether P is d iffracted  o r d irec t.
Recent work on P in the shadow zone has been published by Sacks (1966, 1967). 
Ergin (1967) has suggested that a reduction in the velocity of P is required  
at the base of the m antle, on evidence from  PKP trav e l tim es near 180° and 
beyond;, this reduction would cause d irec t P to propagate up to 130 and 
beyond.
59.
F ig u re  3 .4  T ra ce s  o f P on f ifte e n  se ism o m e te rs  fo r  the Novaya Zem lya  
nuc lea r exp los ion  o f O ctobe r 27, 1966.
60 .
To determ ine a re liab le  s tru c tu re  it is essen tia l that the apparent 
velocity, d A /d T , of diffracted o r d irec t P at 106.0° is known to within 0 .2  
k m /sec . The J - B P  curve s tra igh tens at about 90°, and has very  little  cu rv ­
ature from  there  on; dA/dT for A > 100° is 25.3  k m /se c . Sacks (1967) has, 
however, given prelim inary  travel tim es of d iffracted  P to 167° and has given 
dA/dT as 24.55 -  0.08 k m /sec . This value has been taken as the best available 
for determ ining a c ru sta l s tru c tu re . From  th e ir  trav e l-tim e  curve fo r P,
C leary and Hales (1966) give an apparent velocity  of 24.72 k m /sec  at 95°, 
and C arder et a l. (1966) give a value of 24.44 k m /se c  for the d istance range 
94° to 100°. From  the new Seism ological Tables fo r P Phases (1968) the 
apparent velocity is 24. 38 k m /sec  for P beyond 9 7 .5 ° . S tructures have been 
determ ined assum ing that the apparent velocity  given by Sacks is co rrec t; 
for com parison s im ila r  s tru c tu res  a re  given assum ing the J-B  value is c o rre c t. 
The resu lts  a re  lis ted  in Table 3 .3 , and have been obtained using an apparent 
velocity of 22.11 k m /sec  and an azim uth of 344.5°; these values have been 
obtained by averaging the th ree independent leas t-sq u ares  determ inations for 
P from  the nuclear explosion.
The extent to which the computed s tru c tu re s  a re  applicable to 
o ther events was originally investigated using seven earthquakes occurring  
at s im ila r  azim uths to the Novaya Zemlya explosion, but at d ifferent d istances; 
the resu lts  have been d iscussed in the supporting paper by W right and M uirhead, 
(1969). Since this paper was published m ore data have been obtained for the 
azim uth range 335° to 355°; consequently the problem  of co rrec tin g  dT /d  A 
m easurem ents within this azim uth range will be exam ined in sections 4 .4 ,
6 .6  and 7. 2.
From  the work on Aleutian Islands events and the Novaya Zemlya 
explosion, s tru c tu re s  have been determ ined fo r co rrec tin g  dT/dA  fo r the 
azim uth ranges 335° to 355° and 20°to 30°. The c ru s ta l model derived by 
C leary et a l. (1968), to give co rrections to dT /dA  and azim uth fo r Aleutian 
Islands events at d istances close to 80° and at azim uths between 20° and 30°,
61 .
gave co rrec tio n s  to dT/dA  that w ere too sm all, and azim uth co rrections that 
w ere too la rg e , when M ariana Islands earthquakes in the azim uth range 13° 
to 25° w ere used. F or this reason another model involving a single dipping 
interface within the c ru st, to give approxim ate co rrections to dT /dA  , was 
derived in the following way: seven c le a r  reco rds of shallow events were 
selected , corresponding to d istances of between 36.0° and 43. 6°; the effects 
on apparent velocities and azim uths of a num ber of d ifferent s tru c tu re s  with 
velocity co n tra sts  of 0.7 w ere investigated. The best s tru c tu re  was taken 
to be that which gave co rrec ted  azim uths c lo sest to the true  azim uth, and 
apparent velocities c lo sest to the values obtained by C leary  and Hales (1966) 
for this d istance range. The re su lts  of C leary  and Hales w ere chosen because 
at the tim e th is work was completed neither the 1968 Seism ological Tables 
for P Phases nor the rev ised  trave l tim es of H ales, C leary and Roberts 
(1968) had been published. The calculated s tru c tu re  d iffers from  the model 
of C leary e t a l . (1968) by 20° in dip d irection  and 0 .5° in dip angle, and is 
given in Table 3 .3  (see a lso  W right, 1968). Thus, in deriving this model 
of the c ru s t, it has been assum ed that the form  of the dT/dA  curve beyond 
36° was in good agreem ent with that of C leary  and H ales. The usefulness 
of the th ree  se ts  of s tru c tu re s  of Table 3. 3 will be considered again in 
Chapter 4 in the light of m ore recen t data.
F airborn  (1966) has shown that with certa in  approxim ations the 
effect of horizontal P velocity gradients on dT/dA  and azim uth determ inations 
cannot be distinguished from  the effect of plane dipping in te rfa c e s . Johnson 
(1967) reached a s im ila r  conclusion. It is im plicitly assum ed in this work 
that horizontal gradients in the e las tic  p a ram e te rs , apart from  those required  
by a dipping in terface, a re  negligible, and the problem  of anisotropy will not 
be considered again. However, it is s tre sse d  that anisotropy could well 
provide an a lternative  explanation of, o r contribute to, the dT/dA  and 
azim uth anom alies. In th is p re lim inary  study it has been shown that the 
s tru c tu re  beneath the a r ra y  is too complex to be approxim ated by a single 
dipping in te rface . The c ru s ta l models of Table 3. 3 may well be useful fo r a
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lim ited  range of azim uths, but th e ir applicability  is re s tr ic te d . The re su lts  do 
suggest a general south to southwest trend  of the dipping s tru c tu re s . To illu s­
tra te  the complexity of the s tru c tu re  beneath WRA, the azim uth anom alies 
have been plotted in F igures 3. 5 to 3 .7 .
It is im portant to re a lise  that the models of the c ru s t presented  
in Table 3. 3 a re  m erely  form al solutions derived to c o rre c t dT/dA  and azim uth 
determ inations, and do not n ecessa rily  give a re a lis tic  indication of the true 
nature of the c ru s t beneath the a rray ; these m odels w ere all derived using 
program m e ZCW101A8. At this stage i t  is re levan t to comment briefly  on 
this point and to examine whether o ther observational evidence can help to 
convert a form al solution into a plausible m odel. Nuttli and W hitm ore (1961, 
1962) m easured  apparent angles of incidence of P waves recorded  on se ism o ­
gram s from the Galitzin-W ilip instrum ents at F lo rissan t. The 'half periods ' 
of these waves varied  from  1.5 to 3. 5 seconds, and the data indicated that the 
velocity of the P waves at the e a r th 's  su rface  was approxim ately 8 k m /se c .
This suggests that the P waves did not 's e e ' o r  w ere not affected by the e a r th 's  
c ru st, even though the c rusta l thickness below the station was known to be 
approxim ately 35 km . In this case the wavelengths of the P waves concerned 
w ere between 24 and 60 km . Nuttli and W hitmore (1962) pointed out that 
in co rrec t instrum ent calibration  could account fo r th e ir re su lts , but this 
seem ed le ss  likely when s im ila r  re su lts  w ere obtained for o ther stations and 
from  studies of the polarization angle of S waves. Now at Tennant C reek the 
periods of the P a rriv a ls  a re  generally  between 0 .7  and 1 .0  seconds which 
correspond to wavelengths within the c ru s t of about 4 to 6 km . Thus it seem s 
probable that s tru c tu re  within say 2 km of the su rface  will not significantly 
affect the m easured  values of dT /dA  and azim uth at WRA. It is sufficient to 
rem ark  that it does seem  a little  unrea listic  to place dipping in terfaces within 
a few kilom etres of the su rface , and it is n ecessa ry  to try  and find a technique 
which will give som e idea of the depth of the dipping in terface, if indeed this 
is the cause of the trouble.
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3. 4 TRAVEL-TIME RESIDUALS AND THEIR INTERPRETATION.
Valuable inform ation on s tru c tu re  beneath the a rra y  m ight be 
provided by the trav e l-tim e  residuals  for te lese ism s m easured  at the origin 
of the a rra y . F ir s t  it is im portant to consider the definition of a station 
co rrec tion . If an average trav e l-tim e  table is used to p red ic t the a rr iv a l 
tim e at a p a rtic u la r  station, a se t of co rrections m ust be added to the tabulated 
trave l tim es. Thus, ignoring the source co rrection , the predicted  a rriv a l 
tim e at a station  is given by (H errin  and Taggart, 1968)
t. = t + t (A. ) + C. (3-11)
1 0  1 1
where tQ is the origin tim e, t (A,) is the trav e l tim e given in the tables and 
C. is the station  co rrec tion .
l
It has been known for som e tim e that station co rrections vary 
considerably with station to source azim uth (see R itsem a, 1959, C leary and 
H ales, 1966, Otsuka, 1966a, b, Bolt and N uttli, 1966 and H e rrin , 1966).
This led H errin  and Taggart (1968) to assum e a dependence on azim uth 4>_ 
of the form
C.. = A. + B. sin ( <f> . + E. ) (3-12)
i] i i ij i
where C.. is the co rrection  to be added to the tabulated travel tim e for the 
ij
distance from  source  i to station  i, and A. , B. and E. a re  constants to be
l i  l
determ ined by the usual leas t-sq u ares  p rocedure. The objective in this section 
is to derive the station co rrec tio n  fo r WRA, to examine using sim ple models 
of the c ru s t (thus for sim plic ity  neglecting any upper m antle effects) whether 
expression  (3-12) for the station  co rrection  is re a lis tic , and to asce rta in  
w hether there  is a co rre la tion  between the station co rrection  and the dT /d  A 
and azim uth anom alies.
These considerations give r is e  to the following idea: consider 
a record ing  station  A above a c ru s t of a certa in  th ickness, say 30 km, with a 
fixed upper m antle velocity v and c ru s ta l velocity v fo r which the station
i. L t
co rrection  fo r a specific tra v e l- tim e  curve is by definition zero; then consider
6 7 .
a station B situated  on a c ru s t of d ifferent thickness and with a dipping M- 
discontinuity. Two questions a rise : how does the station co rrection  vary  with 
c ru sta l th ickness, and is this correction  distance dependent? It seem s c lea r 
that for a plane dipping M -discontinuity, an approxim ately sinusoidal varia tion  
in station co rrec tion  will occur, which will increase  in amplitude as the depth 
to the in terface is in c reased . Thus if anom alies in dT/dA  andasim uth a re  
used to calculate a dip angle and dip d irection , it might be possible to detect 
a periodic varia tion  in the trav e l-tim e  residuals  and hence derive an approxi­
m ate depth to the dipping in terface. In Appendix 4 the varia tion  of station 
co rrection  with azim uth fo r a plane dipping in terface has been investigated, 
and some num erical re su lts  using both the basic theory  and the actual tra v e l­
tim e residuals for te l'eseism s recorded  at WRA have been p resen ted . These 
trav e l-tim e  res id u als  did reveal a sm all periodic varia tion  in station co rrec tion . 
However, if a plane dipping in terface was responsible fo r the re su lts , the dip 
direction indicated by the phase angle E„ in equations (3-12) and (A4.13) is 
not co rre la ted  with the predom inant s tru c tu re  suggested by the dT /d  A and 
azim uth anom alies. T herefore  the residuals have failed to reveal any signifi­
cant azim uthal v aria tion  due to local s tru c tu re .
3. 5 AN ATTEM PT TO DERIVE A • STRUCTURE SURFACE’.
Since the s tru c tu re  of the c ru s t beneath the a rra y  is not sim ple, 
the logical extension of the idea of fitting a plane dipping in terface is to try  
and derive a sm ooth su rface  that will explain the complex pa ttern  of dT/dA  
and azim uth anom alies. To facilita te  this p ro cess , it is f ir s t  essen tia l to 
p repare  a detailed se t of tables giving dT /dA  and azim uth anom alies as a 
function of both dT /dA  and the azim uth from  the dip d irection , for a num ber 
of d ifferent plane dipping s tru c tu re s .
A dipping in terface between c ru s t and m antle was selected  with
a velocity co n trast of 0. 7 ( i .e . v = 8. 20 k m /sec , v = 5.74 km /sec  ) . Then
4  1
since evidence has shown that the predom inant s tru c tu re  beneath the a rra y  
has a dip d irection  c lose  to 220°, the tables w ere p repared  as described  below
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using program m e ZCW101A4. Taking a d ip d irec tio n  of 215° and a fixed dip 
angle, the azim uth was varied  at in te rva ls  of 20° fro m  0° to 360°. F o r each 
azim uth the fo llow ing  quantities were calculated fo r  expected apparent ve loc itie s  
o f 11, 13, 15, 17, 19, 21, 23, 25, 59 and 100 km /sec : the azim uth anomaly, 
the measured values o f d T /d A  and apparent ve loc ity , and the ra tio  measured 
ve loc ity /expected  ve lo c ity . Tables were prepared fo r  d ip angles o f 0 „5° to 
8 .0 ° in in te rva ls  o f 0. 5°, fo r  d ip angles of 9° to 13° in in te rva ls  of 1° and 
fo r  13°, 15° , 17° , 20° and 25°. S im ila r tables were prepared fo r  dip d irec tions 
o f 220°, 225° and 230°, thus g iv ing  a complete set o f tables o f azim uth and 
d T /d A  anomalies at azim uth in te rva ls  o f 5° fo r  each s tru c tu re . Since the 
problem  is sym m e trica l w ith  respect to the dip d irec tio n , i t  is necessary only 
to take azimuths fro m  0° to 180° from  the dip d ire c tio n . However, since the 
sign o f the az im u th  anomaly changes in e ith e r side o f the up d ip o r  down dip 
d irec tions , the tables were prepared fo r  a ll azimuths to save tim e and thought 
when using them .
The set o f tables of d T /d A  and azim uth anomalies were used 
to w ork out a d ip  d ire c tio n  and dip angle fo r  every d T /d A  and azim uth de te rm in ­
ation beyond 28°. These d ip  vectors were then divided into 48 groups according 
to distance and azim uth and whether the P a r r iv a ls  appeared to be affected by 
approxim ate ly the same s tru c tu re . F o r each group i t  was assumed that the 
sample vectors w ere random ly d is tribu ted  about some mean value. The 
problem  of the s ta tis tic s  o f a spherica l d is tr ib u tio n  is com m only encountered 
in palaeomagnetism , and has been extensive ly discussed in the lite ra tu re  by 
F ish e r (1953), Watson (1956) and M cE lh inny (1964). Suppose each d ire c tio n  
is given unit we ight. F o r th is  case F ish e r (1953) has suggested that these 
d irec tions  w il l  be d is tr ib u te d  over the unit sphere w ith  a p ro b a b ility  density P 
given by
P = x exp ( x  cos ) (3-13)
4 Ti sinh X
where ip is the angle between the d ire c tio n  o f a sample and the d irec tio n  in
69 .
in which the probability  density is maximum; x is the precision  p a ra m e te r . 
Then the best estim ate  of the mean d irection  is  given by the vecto r sum of 
the dip vectors whose direction cosines a re  (1„ , m. , n ).
Let R2 = ( 2  l . ) 2 + ( 2 m ,) 2 + ( 2 n . )2 (3-14)
Then the m ean dip direction and dip angle L and A a re  given by
L = tan“1 ( 2m„ /  S  1 ) (3-15)
and A = sin“ 1 ( 2 n , / R  ) (3-16)
The best estim ate  K of the precision  p a ra m e te r x is f° r  K > 3 given by
K N - 1
N -  R
(3-17)
where N is the num ber of sam ple v ec to rs .
An expression for calculating the p rec ision  of the m ean 
direction  fo r a p a rticu la r probability level can be found in F ish e r (1953, 
p. 303) and McElhinny (1964).
Unfortunately this s ta tis tic a l theory  is not s tr ic tly  applicable 
to the problem  of averaging the dip v ec to rs . The reason  is that the dip angle 
itse lf is known with g re a te r  p recision  than the dip d irection , so that the prob­
ability d istribution is an iso tropic . Thus a c o rre c t s ta tis tic a l model would be 
one in term ediate  between a spherica l d istribution  and a c irc u la r  d istribution . 
Also the data should be weighted. Using com puter program m e ZCW 101D3 
the procedure outlined below has been followed. F o r each of the 48 groups of 
dip vectors the m easured  azim uth and apparent velocity have been used to 
define an average dT/dA  and azim uth vecto r by calculating the angle of incidence 
of the P waves at the su rface , assum ing a velocity  of 5 .74 k m /sec , and then 
averaging the d irection  cosines of the resu lting  dT/dA  v ec to rs . The resu ltan t 
vecto r was then used to find the point on a dipping in terface from  which a ray  
reaching the orig in  along this resu ltan t d irec tion  appeared to have originated; 
the dipping in terface was a rb itra r ily  selected  having h = 30 km, A = 220° and
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DISTANCE, kmDIP ANGLE
Figure 3 .8  D iagram  showing average  dip v ec to rs  p ro jec ted  back f ro m  the origin
of the a r r a y  on to a dipping M -discontinuity . (Lengths of dip vec to rs  
denote dip angle. Tails  of a r ro w s  co rrespond  to points on dipping 
p la n e . )
7 3 .
and a  — 7°, where h, X  and a  a re  defined in Appendix 4. Each vecto r was 
weighted according to the recip rocal of the square  of the r .m . s .  e r r o r  on the 
corresponding dT/dA  m easurem ent. The dip vecto rs w ere summed with the 
weighting fac to rs w. norm alised so that the sum  of the weights was equal to the 
num ber of observations used.
i .e . tan -1 Sw . m.I L
Sw . 1.
L l
(3-15a)
sin Sw . n.i  l
{ (Sw. I .)2 + (2w . m .)2 + (Ew. n. )2 } 2
(3-16a)
Sw . = N (3-18)
l
The param ete r K of equation (3-17) is of som e value in indicating how the 
sam ple vectors a re  c lustered  about the resu ltan t, and has therefo re  been calcu­
la ted . However, no estim ate  of the e r r o r  in the d irection  of the resu ltan t vector 
has been made owing to the anisotropy of the probability  d istribution . As fa r 
as e r ro rs  are  concerned, perhaps it would be p referab le  to tre a t the dip directions 
as a case of the von M ises d istribution of vecto rs  on a c irc le  and consider the 
dip angles separately ; the theory of the c irc u la r  norm al d istribution has been 
described by Gumbel, Greenwood and Durand (1953), Greenwood and Durand 
(1955) and V istelius (1966, pp. 54-64).
The re su lts  of these calculations on the dip vectors a re  lis ted  
in Table 3 .4 , and details of the raw  data used a re  supplied in Appendix 5. The 
dip vectors on an assum ed dipping M -discontinuity have been plotted in Figure 3.8 
to see if some definite ’s tru c tu ra l su rfa ce ’ can be derived; the arrow s point 
in the averaged dip d irection , and the length of each arrow  is proportional to 
the dip angle. The diagram  shows that it would be futile to try  and work out 
num erically  a detailed s tru c tu re  su rface . There is , however, a slight p re ­
dominance of southw esterly  trending vecto rs indicating an average dip of between 
6° and 10°. To the northw est of the a rra y  there  is a tendency to have la rge  dip
74.
Table 3 .5 .  dT /dA  and Azimuth M easu rem en ts ,  and the Separation
of the Two P h a se s  fo r  the F iji  Is lands Event of 9 O ctober, 
1966.
Phase M atching
Technique
M easured
Azimuth,
deg.
M easured
d T /d A ,
s e c /d e g
A pparent
Velocity,
k m /s e c
No. of 
Seis­
m o m ete rs
1 P eak  A 94.8  -  1.1 8 .303 -0 .091 13 .3 9 -0 . 15 16
1 P eak  B 92.1 -  0 .9 7.996^0.111 13 .91 -0 . 19 18
2 P eak  C 94 .3  -  1 .4 5 .2 0 6 -0 .1 3 0 21 .36 -0 . 53 19
2 P eak  D 9 6 .2  -  1 .2 5 .1 5 6 -0 .1 0 6 21 .57 -0 . 44 18
S e is - D ifference in Depth at S e is - D ifference Depth at
m o m e te r  A r r iv a l  Tim esi which Second m o m e te r in A rr iv a l which Second
of P h ases  1 P hase  is T im es  of Phase  is
and 2, Produced , P h ases  1 P roduced ,
and 2,
sec km sec km
B1 0.47 19.5 R1 - -
B2 0 .53 22.2 R2 0.50 20.9
B3 0. 50 20.7 R3 0.51 21 .2
B4 0.49 20. 2 R4 0 .56 23.2
B5 0.51 21.0 R5 0 .56 23 .2
B6 0 .5 2 21 .2 R6 0 .74 30 .4
B7 0 .4 6 19.3 R7 0 .82 32.6
B8 0 .44 18 .2 R8 0.83 34  1
B9 0.45 18.5 R9 0 .83 34.3
BIO _ — R10 0 .94 38 .6
75 .
angles,and dip d irec tions with a sou theasterly  tren d . A line of dem arcation 
has been sketched a c ro ss  the northw estern portion of the d iagram . The dip 
vectors at azim uths between 290° and 330° support som e kind of basin s tru c tu re  
northw est of the a r ra y . The abrupt change in s tru c tu re  close to 10° in a z i­
muth shows up c lea rly . The sou theasterly  trend  in the dip vectors is also 
p resen t to the sou theast of the origin of the a rra y . The s tru c tu re  indicated 
by events to the e a s t of the a rra y  is known to be highly complex and needs no 
fu rth er com m ent, except to point out that th e re  is a group of four vectors 
dipping northw est between azim uths of 75° and 95°. As a final comment it 
is sufficient to rem ark  that Figure 3. 8 illu s tra te s  very  well the extrem e com ­
plexity of the s tru c tu re  in the vicinity of the a rra y  and the g rea t difficulty of 
trying to find a c ru s ta l model to account fo r the anom alies in dT/dA  and 
azim uth.
3.6 THE REGIONS OF SHARPLY CHANGING STRUCTURE AND SOME 
POSSIBLE EXPLANATIONS.
The F iji Islands event of 9 O ctober 1966 had two distinct 
a rriv a ls  at WRA sep a ra ted  by le ss  than one second, and is shown in F igures 
3.1 and 3 .2 . The dT /dA  and azim uth m easurem ents a re  lis ted  in Table 3.5 
together with the m easu red  separation  of the two phases at all se ism om eters; 
note the curious b reak  between R5 and R6 -  a feature that seem s to be closely 
connected with the cu rv a tu re  of the wave front ac ro ss  the red  line of the a rra y  
fo r P a rr iv a ls  from  m any azim uths. P ossib le  causes of these two phases 
will now be exam ined. Because of its high apparent velocity it is unlikely 
that the second phase is due to s tru c tu re  in the F iji Islands region o r n ear 
the deepest point of the ray  path. Thus it is m ost probable that near-surface 
s tru c tu re  in the v icin ity  of the a rra y  is responsib le .
To s ta r t  with suppose that both phases a re  produced by 
refrac tion  at a plane dipping in terface. This gives r is e  to a sim ple idea.
Since both phases can be used to give p rec ise  d T /d A  and azim uth values acro ss  
m ost of the a rra y  (the b reak  between R5 and R6 does not show up so well when
7 6 .
a. A 20  km B
First Phase Second Phase
diffractedsurface 
or multi
F ig u re  3 .9  (a) An i l lu s t ra t io n  o f the m ethod o f p ro je c tin g  the a r ra y  back on
to two in te rs e c tin g  d ipp ing  planes w h ich  m ig h t produce two 
P phases.
(b) An i l lu s tra t io n  o f the postu la ted  s p l i t t in g  o f the wave fro n t to 
enable an app rox im a te  depth o f i t s  cause to be ca lcu la ted .
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the peaks of the second phase are  m atched), it is reasonable to suppose that 
if the P velocities above each plane a re  the sam e, the a rra y  itse lf can be 
’pro jected ' back on to each plane. If it is postulated that these two projections 
m ust not overlap, then a minimum depth of the point of in tersection  can be 
calculated. This is illu stra ted  in Figure 3.9 for the sim ple two dim ensional 
case , where AB rep resen ts  the red line of the a rra y . The f ir s t  and second 
phases a rr iv e  at the surface  at angles 9  ^ and 0 . On this sim ple geom etrical 
argum ent the minimum depth of the in tersec tion  of the two planes is given by 
d in Figure 3 .9a .
AB - 20 km . Hence
d >: 20/ (tan 0 -  tan 0 ) (3-19)
I Z
Using a c ru s ta l velocity of 6 k m /sec  and the apparent velocities of the two 
phases of F igure 3 .1 , d ^  106 km, which is not re a lis t ic . If the velocity used 
is increased  to 8 k m /sec  d is decreased  slightly . The difference in travel 
tim e between the paths DB and CB will give the minimum trav e l-tim e  difference 
between the a rr iv a ls  of the two phases. This difference is given by
T > d sec 0 [ 1 -  cos (0 -  0 )] /  v (3-20)
Z 1 Z 1
If v = 8 .0 k m /sec , T ^  1.75 seconds at R10. In actual fact T = 0.94 
seconds. This argum ent shows that the two phases cannot possibly be due 
m erely  to re frac tion  at d ifferent parts  of the sam e discontinuity.
A lternatively  the difference in a rr iv a l tim es of the phases 
can be used to calculate an approxim ate depth d to the s tru c tu re  causing the 
anom alies. The basic assum ption is that the f ir s t  phase is re frac ted  at a 
dipping in terface and that the second re su lts  from  the splitting  of the wave 
front due to diffraction o r  sca tte rin g  as shown in F igure 3 .9 . On this sim ple 
assum ption and with v^ = 6 .0  k m /sec
d = 41 .4  T (3-21)
where T is once again the d ifference in a rriv a l tim es of the two phases. Since
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no adequate d iffraction  theory has yet been devised it is not possible to say 
whether the concentration of energy in a certa in  d irection  is very  likely . It 
seem s plausible that two s tru c tu res  le ss  than a wavelength apart a re  responsible 
for the two phases and for the o ther phenomena lis ted  in Table 3. 2. Thus the 
high apparent velocity  second phase would show up m ore c learly  for events with 
considerable energy at high frequencies, d has been calculated fo r each 
se ism om eter of the a rra y  and the re su lts  a re  displayed in Table 3 .5 . The 
significant fact is that for the whole of the blue line and half of the red line 
d 20 km; but fo r R6 to RIO d > 30 km . Hence it is tentatively suggested 
that fa irly  deep in the c ru s t there  is a source of diffracted  a rriv a ls  o r a cause 
of m ultiple a r r iv a ls , and this irreg u la rity  in s tru c tu re  is responsib le for all 
of the curious effects noted in Table 3. 2. The change in the value of T between 
R5 and R6 make it reasonable to speculate, as an a lternative  to having two 
closely spaced s tru c tu re s , that faulting deep in the c ru s t may be largely  
responsible fo r the ir re g u la r  pa ttern  of dT /dA  and azim uth anom alies.
Another possib ility  is that the second phase is SV. Reflection 
and tran sm issio n  coefficients for a plane longitudinal wave incident on a plane 
boundary between two m edia have been published by Koefoed (1962) and 
McCamy, M eyer and Smith (1962). A sm all P wave followed by a la rge  S 
wave can only be produced when the P wave is incident in the medium of low er 
P wave velocity, and fu rth er, the velocity ra tio  a c ro ss  the in terface has to 
be sm all to enable significant re frac ted  S energy to be produced for any angle 
of incidence (see F igure  10 of McCamy et a l . , 1962). In the case when P is 
incident in the h igher velocity  medium, S am plitudes com parable with P 
am plitudes can only be produced when the velocity ra tio  is high ( > 2) and for 
re la tive ly  large  angles of incidence, i . e .  40° -  75° (see F igure 22 of McCamy 
et a l . , 1962). It is th e re fo re  unlikely that the second phase is SV. It is worth 
rem ark ing  that the e r ro r s  in the d iagram s in the paper by McCamy et a l. due 
to an inco rrec t sign convention, which have been pointed out by Singh, Ben-
Menahem and Shimsoni (1970), do not affect the re su lts  fo r incident P waves.
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Another possible explanation of the two phases is Bragg 
reflec tion . This phenomenon is believed to play a significant ro le  in reflection 
seism ology (Grant and W est, 1965, pp. 88-90), but is le ss  likely to be an 
im portant effect in the f ir s t  second o r so a fte r the P a rriv a ls  from  te le se ism s 
owing to the longer wavelengths involved.
R efraction, Reflection, D iffraction o r  S cattering? An Idea,
Since the evidence now available strongly  suggests that the 
m ajo r cause of the anom alies in dT/dA  and azim uth is s tru c tu re  n ear the 
base of the c ru s t, it is possib le to som e extent to determ ine the coordinates 
of the region in which the anom alies o rig inate . The idea is as follows: 
consider a dipping M -discontinuity of perpendicu lar d istance h from  the origin 
of the a rra y . Take the m ean dip as 8 .0 °  in a d irec tion  220°. The whole a rra y  
can then be ’p ro jec ted ’ back on to the dipping plane by trac ing  back the ray  
paths that correspond to the m easured  azim uth and apparent velocity . Suppose 
the events a re  divided into four groups as follows :
(a) curious changes of wave form  acro ss  the a r ra y  o r two d istinc t a rr iv a ls :
i .e .  strong sp litting  of the wave front.
(b) no changes of wave form  but evidence fo r d ifferent s tru c tu re s  affecting
a rriv a ls  at R1 to R5 and R6 to RIO : i . e .  m arked cu rva tu re  of the 
wave front.
(c) c le a r  wave form  and good leas t-sq u ares  fit to onset tim es assum ing a
plane wave front -  dT/dA  and azim uth anom alies indicate re frac tion  
by the predom inating s tru c tu re .
(d) as fo r (c) except th a t the dT/dA  and azim uth anom alies indicate re frac tion
by a s tru c tu re  d ifferen t from  the predom inating one.
F o r each of these groups ’zones' on the dipping in terface can be defined which 
act e ith e r as poor o r  efficient generato rs of diffracted  waves o r m ultiple 
a r r iv a ls . But in o rd e r to define these zones it is e ssen tia l to s ta r t  with some 
m athem atical theory .
8 0 .
Figure 3.10 The geometry of the points on a plane dipping interface from 
which a beam of seism ic  rays crossing  an a rra y  orig inates.
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The Points on a Plane Dipping Interface from which a Beam of Seismic 
Rays Crossing an Array Originates,
Referring to Figure 3.10, consider an array, origin O, and let the 
x, y and z axes be oriented east, north and vertically downwards respectively,, 
Suppose a parallel beam of seismic rays emanates from a plane dipping inter­
face; whether this beam results from refraction, diffraction or multiple 
reflections is of no concern at this stage. A ray travelling from Q reaches 
the origin O, and another from Q' arrives at the surface at seismometer B.
The problem is as follows: given the dip direction and dip angle of the plane, 
and its perpendicular distance from O, what are the coordinates, both 
cartesian and spherical polar, of Q and Q', if the angle of incidence and the 
azimuths of the waves reaching O and B are known?
(Sb = (a sin ß  , a cos ß  , 0 )
R = (R sin 0 sin 4» , R sin 0 cos 4 , R cos 0 )
- ^
N = (- h sin ö!Sin X , -  h sin a  cos X , h cos a )  -  perpendicular from
O on to plane
R’ = (r sin 0^  sin 4j > r sin 0^  cos 4  ^ » r cos 0^  )
-----^  —>
PQ = R - N .
— >  — >
But PQ . n = 0, where n is a unit vector in the direction of N . Using this 
scalar product condition it is found that
R = h /  [ cos 0 cos a  -  sin 0 sin a  cos ( 4 -  M ] (3-22)
Let I X I = x , and its direction cosines are (sin 0 sin 4» sin 0 cos 4 > cos 0). 
Since R’ = OB + l^Q ’
a sin ß +  x sin 0 sin 4 = r sin 0^  sin 4^ (3-23)
a cos ß + x sin 0 cos 4 = r sin 0^  cos 4^ (3-24)
x cos 0 = r cos 0j (3-25)
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There a re  th ree  equations but four unknowns, x, r , 0  ^
to derive expressions fo r 0^ and cj> „
Now and PQ ’ 0 :
and 4>jr The aim  is
hence r  = h / [  cos 0  ^ cos a  -  sin 0  ^ sin  a  cos (4^ -  X) ] (3-26)
This is the fourth equation, x, r  and a could be elim inated from  (3-23 -
3,25) a lgebraica lly  to give 0  ^ in te rm s of 4»  ^ o r  v*ce v e r s a » However, this
p rocess is sim plified  by noting that R, R ’ and OB a re  coplanar so that 
—^  ^ ^
(R x OB) . R* = 0 .  Using this condition it is found that
tan 0^ sin  (§ -  ß ) = tan 0 sin  ( <j> -  jS ) (3-27)
However, this sim ple  expression  cannot be used in p rac tice  as it will only 
work when 4 ^ ß,  and trouble with num erical analysis a r is e s  when 4  -  ß is 
sm all. So sep a ra te  exp ressions for 0 and 4 j  have to be derived .
If x is elim inated from  (3-23 -  3-25) and a /h  is replaced by
Z, using (3-26),
tan 0 sin 4  = tan 0^ sin  4> ^-Z  sin ß [ cosa  -  tan 0  ^ sin  a  cos (4^ -  X ) ] (3-28)
tan 0 cos 4 = tan 0^ cos 4^ -  Z cos ß [ cos a -  tan 0^ s in aco s  (4^ -  X )] (3-29)
Substituting fo r tan 0^ using (3-27) and solving for 4^ the following re su lt is 
obtained :-
tan 4-
sin 4  + Z [ cos a  sin ß cot 0 -  sin  a  cos X sin (ß -  4 ) ] (3-30)
cos 4 + Z [ cos acos ß cot 0 + sin a  sin  X sin (ß -  4 ) 1 
Suppose ß = 4 • In th is case  4 = 42*
Then (3-23) and (3-24 ) becom e
a + x sin  0 = r  sin 0^ (3-31)
Using (3-31), (3-25) and (3-26) with 4 = 4 j  > it is found that
, tan 0 + Z cos atan 0j =
1 + Z sin  a  cos (4 -  X)
(3-32)
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Using (3-28) and (3-29)
(tan 9 s in  4 + Z cos ol sin ß) cot 0^ = s in  4 j  (1+Z s in  oi s in ß s in  A )
+ cos 4 ^  (Z sin  Q! s in  ß cos A ) (3-33)
(tan 0 cos <j> + Z cos a; cos ß) cot 0^ = s in  4-  ^ (Z s in  a  cos ß s in  A )
+ cos 4 (1 + Z s in  a  cos ß cos A )
(3-34)
To s im p lify  subsequent algebra (3-33) and (3-34) can be w ritte n  in the fo rm
A s in  § + B cos 4 = X (3-35)
C s in  4^ + D cos 4 2 = Y (3-36)
E lim in a ting  4^
(BC -  AD )2 = (XC -  Y A )2 + (YB -  XD )2 (3-37)
Substituting in (3-37) where
A = 1 + Z  s in  a  s in  ß s in  A (3-38)
B = Z s in  a  s in  ß s in  A (3-39)
C = Z s in  a cos ß s in  A (3-40)
D = 1 + Z s in  a  cos ß cos A (3-41)
X  = cot 0 j (tan 0 s in  4 + Z cos a  s in  ß ) (3-42)
Y = cot 0^ (tan 0 cos 4» + Z cos acos  ß ) (3-43)
i t  is found that
2 2 2 2 
[ tan 0 (1 + 2Zsino 'S in(4-ß){ cos A -  s in  A } + Z s in  as in  ( 4 -  ß ))
2 2 -
tan 0^= + 2Z tan 9 coso;{cos(4-ß) + Z sin a  s in (4 -ß ) s in  (ß-A)} + Z cos a ]  2
1 + Z s in  a  cos (ß -  A ) (3_44
When ß = 4 th is  expression fo r  tan 0^ reduces to (3-32) as expected. P ro ­
gramme _ZCW101JU2 enables 0 j and 4 j  and hence r  and the cartes ian  coord inates 
o f Q' to be calcu la ted i f  B is any se ism om eter o f the a rra y , using the apparent 
ve loc ity  and azim uth o f the ray  X  .
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SCALE L
— denotes approximate boundary of region of deep 
crust sampled in dT/dA and azimuth measurements.
uncertain.
Figure 3.11 Plan of the deep c ru s t beneath WRA divided into zones according to 
the nature of the P a rriv a ls  and the dT/dA  and azim uth anom alies. 
(A = 220°, a  = 8° . h = 30 km). F or explanation of (a), (b), (c) and 
(d) see opposite page.
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Using th is m athem atical theory th e  region near the base of the c ru s t 
has been divided into the four zones (a) -  (d) lis ted  e a r l ie r .  These zones have 
been plotted out in Figure 3.11 fo r h = 30 km, and give some idea of the geo­
graphic extent of the sources of the d isto rted  P a rr iv a ls . This figure could 
have been plotted sim ply by projecting the orig in  of the a rra y  on to the plane 
and then graphically  drawing the two pro jected  a rm s p ara lle l to the two arm s 
of the a rray ; the reason  is that the length and orientation of the a rm s projected 
on to an M -discontinuity dipping at 8° does not d iffer significantly from  the 
length and orientation of the rea l a rm s of the a r ra y . The exact m athem atical 
theory  was derived because it is envisaged that it could be used as the basis 
of a method of pro jected  planes fo r co rrec tin g  dT /d  A and azim uth m easu re ­
m ents and for elucidating the local s tru c tu re . This method involves projecting 
a dT /dA  vector from  any se ism om eter back on to any inclined p lanar discontin­
uity within the c ru s t, the inclination of such a plane being determ ined fo r a 
specific  region of the c ru s t by the dT/dA  and azim uth anom alies them selves. 
Deep reflection  studies would then be able to estab lish  o r deny the rea lity  of 
these d iscon tinu ities. Thus the method would aim  to co rre la te  reflecting  and 
re frac tin g  o r d iffracting  horizons.
In p reparing  Figure 3.11, R l, RIO, B1 and BIO w ere projected  
on to the plane fo r one o r  two m easured  dT /dA  and azim uth values for each 
of the 48 groups used in determ ining the dip vecto rs  of F igure 3 .10. The 
p re lim in ary  te s t of this technique was only m oderately  successfu l, though the 
sou theast trend of the region producing the anom alies may be of outstanding 
significance. This region is p a ra lle l to the Q uartz Hill and Rocky Range Fault 
Zone to the north of the a rra y  (Underwood, 1967, F igure 11a), and once again 
it is tem pting to speculate that faulting may be p a rt of the cause of the observed 
anom alies. This approach, which is e ssen tia lly  a sim plified version  of the 
m ore  general method of projected  planes will eventually be applied fo r h = 10km 
and h = 20 km to see if an im provem ent can be obtained.
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3.7 DISCUSSION.
The observational evidence p resen ted  in this chapter does 
strongly  suggest that the m ajo r causes of the anom alies in dT/dA  and azim uth 
a re  irreg u la ritie s  in s tru c tu re  at o r n ear the base of the c ru s t. D eeper 
s tru c tu re  may indeed be partly  responsib le , but s tru c tu re  at depths of le ss  
than a few k ilom etres is unlikely to be of any im portance owing to the phenomenon 
f ir s t  observed by Nuttli and W hitmore fo r s tru c tu re  le ss  than one wavelength 
below the su rface . The next im portant s tep  is to find out w hether the in te r­
pretation of the data  is reasonable, by exam ining som e o ther recen t investi­
gations of c ru s ta l s tru c tu re  in d ifferent p a rts  of the w orld. The evidence in 
favour of s tru c tu ra l com plexity deep in the c ru s t is co rroborated  by Mack 
(1969) who investigated sh o rt-p e rio d  P wave signal varia tions at the LASA in 
Montana. He showed that the P  wave signal recorded  at a p a rticu la r su b array  
consists of a s e r ie s  of closely  spaced signals; fu rth er, the in terference of 
these m ultiple a rr iv a ls  with one another causes the recorded  signal variations 
between su b a rray s . He assum ed that the signal recorded  at each su b array  
consists of a s e r ie s  of p rim ary  signals s(t), a rriv in g  at slightly  d ifferent 
tim es, which could be decom posed into two o r th ree  p rim ary  signals com m enc­
ing within the f ir s t  second of the recorded  signal and having am plitudes of the 
sam e o rd e r of m agnitude as the f ir s t  a r r iv a l. Recent deep reflection studies 
have suggested considerab le  com plexity in s tru c tu re  near the base of the 
c ru s t (Dohr and F uchs, 1967, Junger, 1951 and Clowes, Kanasewich and 
Gumming, 1968). The detailed  reflection  survey  in A lberta  of Clowes et al. 
showed a se ism ic  c ro ss  section  with a s tru c tu ra l re lie f  of 8 km over a d istance 
of 25 km with individual dips as g rea t as 20°; this causes a significant, but not 
g rea t, decrease  in Bouguer gravity  (see F igure 9 of Clowes et al). Evidence 
for a dipping M -discontinuity beneath a rra y  s ite s  has been published by Niazi 
(1968), Otsuka (1966a, b) and K anestr^m  (1969). Thus at p resen t the explanation 
of the anom alies in dT /dA  and azim uth, in sp ite  of its obvious lim itations, is 
at le a s t in broad general agreem ent with re su lts  obtained fo r o ther p a rts  of the
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world.
No adequate gravity data for the array site have yet been obtained, 
and one of the most important tasks to be performed in the near future is a 
detailed gravity survey. On the seismological side an extensive refraction and 
reflection survey would certaintly provide valuable velocities, a check on 
the average dip of the M-discontinuity and a determination of the depths to the 
reflecting layers. Weichert and Whitham (1969) have described a crustal 
seismic experiment used for calibration of the Yellowknife array. They found 
that the Mohorovicic discontinuity is horizontal under the array within the 
resolution of the experiment, and that the crust in the immediate vicinity of 
the array is very uniform. At distances of a few tens of kilometres, however, 
the crust was found to be more complex, but the effect of these inhomogeneities 
on teleseism ic signals was believed to be negligible. This work gives support 
for the view that the structure beneath WRA is indeed complex in comparison 
with that below YKA.
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CHAPTER 4
THE CONSTRUCTION OF A dT/dA  CURVE AND A VELOCITY
MODEL
4.1  INTRODUCTION,
In C hapter 3 it was dem onstrated  that the complex pattern  of 
dT/dA  and azim uth anom alies cannot be explained by any rela tively  sim ple 
c ru sta l m odel. However, to construct a single dT/dA  curve fo r the low er 
m antle from  the raw dT/dA  data, it is necessa ry  to be able to co rrec t for 
irreg u la ritie s  in s tru c tu re  in the vicinity of the a rra y . Owing to the complexity 
of this local s tru c tu re , it seem s reasonable to try  and accom plish this by using 
trav e l-tim e  data. F ir s t  a purely  em pirical approach to this problem  has been 
adopted. Secondly, with the addition of ex tra  data, a m ore elaborate sem i- 
em pirical technique has been devised that takes account of the variations in 
local s tru c tu re  and includes ellip tic ity  co rrec tio n s . Unfortunately the fine 
details p resen t in the dT /dA  data, even fo r a narrow  azim uth range, may not 
be due to velocity anom alies a t g rea t depths; irreg u la ritie s  in both the s tru c tu re  
of the c ru s t and the upper m antle in the vicinity of an a rray , and possibly even 
la te ra l varia tions in m antle s tru c tu re  near an earthquake focus, can introduce 
complexity into a dT/dA  curve . ( Velocity anom alies a re  defined as regions in 
which the velocities change abruptly o r in which the velocity gradients d iffer 
significantly from  those expected for a chem ically homogeneous earth  devoid 
of phase changes.) In co rrec tin g  for system atic  e r ro r s  in dT/dA  these fine 
details a re  p reserved  as fa r  as possib le, and th e ir  significance is d iscussed  in 
Chapters 6 to 8 together with som e possible velocity m odels. The principal 
aim  in this chapter, th e re fo re , is to p resen t the m athem atical techniques which 
enable the dT/dA  data to elucidate the s tru c tu re  of the e a r th ’s m antle.
A fter co rrec tin g  the dT/dA  m easurem ents for local s tru c tu re , 
the next step  is to reduce the random e r ro r s  as much as possible without losing 
useful inform ation. This problem  has generally  been solved by fitting a
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polynomial o r a s e r ie s  of polynomials through the data by the method of leas t 
sq uares. Arnold (1968), however, drew  attention to the Method of Summary 
Values invented by Jeffreys, and suggested that it has advantages over a poly­
nomial reg ression ; the two versions of this technique have been used in the 
smoothing of the dT /dA  data. Finally the m athem atical methods used in 
studying seism ic  ray  theory and in inverting the dT /dA  data to obtain a velocity 
distribution a re  d iscussed .
4 .2  METHODS OF SMOOTHING OBSERVED DATA.
C onsider a s e r ie s  of m easured values of dT/dA  through which 
a smooth curve is to be fitted . E stim ates of the r .m . s .  e r ro rs  in dT/dA 
a re  available, but owing to ep icen tre  m islocations and e r ro rs  in focal depth 
determ inations th e re  a re  also  e r ro r s  in the values of the co rrec ted  distance A . 
Techniques have been devised for fitting a s tra ig h t line through a se t of o b se r­
vational points when th e re  a re  e r ro rs  in both the x and y coordinates (see for 
example Y ork, 1966), but no s im ila r  techniques ex ist for fitting a smooth 
curve. F u rth e r ,it  is difficult to obtain re liab le  estim ates of the e r ro rs  in A; 
the data supplied by the U .S .C .G .S . on th e ir  p re lim inary  ep icentre de term in­
ations enable estim ates  of the precision  of each epicen tre  to be made, but 
system atic  e r ro r s  will be caused by e r ro rs  in the focal depth determ inations, 
by e r ro rs  in the J -B  tab les and by bias produced in the source region of the 
earthquake itse lf. Consequently the techniques available that assum e e r ro r s  in 
one coordinate only m ust be used, and any e r ro r s  in the co rrec ted  distances 
a re  neglected.
The dT /dA  data, even when co rrec ted  as fa r as possible for 
local s tru c tu re , contain random  e r ro rs  and also system atic  e r ro r s  due to 
irreg u la ritie s  in s tru c tu re  near the a rra y  site  o r in the source region; in 
smoothing,the objective is to reduce the random p a rt as much as possible and 
to estim ate the amount by which the random e r r o r  is reduced. The re la tive  
m erits  of th ree  im portant smoothing techniques have been d iscussed  briefly  by
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Arnold (1968)« In the f ir s t  of these one twelfth of the fourth d ifference is sub­
trac ted  from , o r  one q u a rte r  of the second difference is added to, each observed 
value except the two at each end (Je ffrey s , 1934, 1936). The second method is 
to fit a sim ple function, such as a polynomial o r  a s e r ie s  of polynom ials, to 
the data by le a s t sq u a res . The th ird  technique, which does appear to be p re fe r­
able to the other two, is the Method of Summary Values dev ised  by Jeffreys 
(1937, 1961, pp. 223-227); there  a re  two versions of this technique, and the 
m athem atical de tails  of the m ore elaborate  of these is given only in Jeffreys 
(1937). Since the two versions of this method have been used in all of the 
smoothing of the dT /dA  data and a re  not widely known, they a re  outlined te rse ly  
below.
C onsider a num ber of observed values of the function p (A ) 
for a certain  range of the argum ent A in which there  is little  cu rv a tu re . If a 
s tra ig h t line is fitted to these points by le a s t sq u ares , any two points (p  , A^ ) 
and (p0 , A ) on th is line can be taken to rep re sen t the data, but in general the 
e r ro r s  will not be independent. However, Jeffreys showed that a s tra ig h t line 
can be fitted through the data in such a way that the e r ro r s  at two points (p^, A^) 
and (p , A ) a re  independent of each o ther and of a possible quadratic term ; 
p and p a re  called sum m ary  values and rep resen t p ( A) in the range of the
JL Z
argum ent given. Smoothing is therefore  perform ed in the following way. The
data a re  divided into sev e ra l ranges of the argum ent such that the curvature  in
each range is sm all; the two sum m ary points for each range a re  calculated and
the whole table is in terpolated  to any required  tabu lar in terval by the method of
divided differences (see Jeffreys and Jeffreys, 1956, pp. 261-265). This
f ir s t  technique will subsequently be re fe rre d  to as the Method of Sum m ary Values
2
A. To determ ine w hether adequate smoothing has taken place, a x te s t is
2
perform ed on the re s id u a ls . If x is too la rg e , im portant fea tu res of the data
a re  being smoothed out, and m ore ranges should be used; on the o ther hand,
2if x is too sm all, the amount of smoothing is insufficient, and few er ranges a re  
requ ired . If v is the num ber of degrees of freedom, )C should lie in the interval
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V - J2~v if the e r r o r  is wholly random .
The sum m ary values principle can also  be used to fit a quadratic 
so that the e r ro r s  at th ree points a re  independent of one another and of a possible 
cubic te rm  (version B). This m eans that if the data a re  capable of estim ating a 
curvature but possibly not a cubic te rm , th ree  values of the argum ent can be 
chosen such that the e r ro r s  at these points will be independent of each o ther and 
of the cubic te rm . Thus, in a table of observed values, such as a s e r ie s  of 
m easurem ents of dT/dA  , covering a long interval in which the s tru c tu re  of the 
curve may be com plicated, the values can be divided into a num ber of ranges, 
and each range of data can be specified adequately by two o r three isolated values 
called sum m ary points; then interpolation will give sa tisfac to ry  smoothed values. 
Com puter program m es ZCW101C3 and ZCW101C4 enable observed data to be 
smoothed by versions A and B respectively  of the Method of Summary V alues.
The main disadvantage of this method in com parison with a conventional poly­
nomial reg ress io n  is that the smoothing has to be applied by tr ia l and e r r o r  until 
an acceptable solution is found.
Arnold (1968) has applied version  A to the raw trave l tim es of 
H errin  et a l . (1968) that form  the basis of the 1 968 Seism ological Tables for 
P P h ases . E arly  in 1969 I decided to check com puter program m e ZCW101C1 
using the raw data and the smoothed trav e l-tim e  curve supplied in A rnold 's 
paper. The p rocess of checking this program m e led to the d iscovery  of some 
num erical e r ro r s  in A rnold 's computations which w ere also found independently 
by D r. D. J . C orbishley of the U .K .A .E . A . . Since the e r ro r s  a re  serious it 
was considered worthwhile to send a le tte r  to the E d ito r of the Bulletin of the 
Seismological Society of A m erica drawing attention to these m istakes. The main 
points of our le tte r  (W right and Corbishley, 1970) a re  presented  and discussed  in 
Appendix 6.
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4 .3  A dT /dA  CURVE FOR THE LOWER MANTLE.
(i) P re lim in ary  Method.
Owing to the complexity of the c ru s t beneath the a rra y , it is 
evident that an em pirica l method of co rrec tin g  the m easured  values of dT/dA  
m ust be devised. At WRA the azim uth and dT/dA  anom alies a re  fo r m ost 
azim uths slowly changing functions of azim uth and of the angle of incidence of 
the P waves at the a rra y  s ite . Recent trav e l-tim e  studies (C leary  and H ales,
1966, C ard er et a l . , 1966, H errin  et a l . , 1968, Lilwall and Douglas, 1970) 
have shown m arked deviations from  the J-B  tim es without enabling d istinct 
anomalous regions of the low er m antle to be identified. C leary and M uirhead 
(1969) and M uirhead and C leary  (1969) have shown that the m ajo r d iscrepancies 
between these recen t studies a re  system atic  and a re  approxim ately s tra ig h t 
lines; fu rth er, trav e l tim es from  four nuclear explosions suggest that the 
trave l tim es of C leary  and H ales, modified in a la te r  paper by Hales e t a l. (1968), 
a re  basically  c o rre c t. This m eans that at d istances g re a te r  than 25° these 
recen t trav e l-tim e  studies d iffer by a constant dT/dA  . Thus the shapes of 
dT/dA  curves derived from  any of these studies a re  essen tia lly  the sam e. This 
suggests that a method combining trav e l-tim e  data and a rra y  dT/dA  m easu re ­
m ents m ight be the answ er to the difficulties in in terp re ting  a rra y  data . Since 
the events used in obtaining the dT/dA  data a re  frequently fa irly  sm all, 
trav e l-tim e  data from  these events them selves would not be p a rticu la rly  u se­
ful. Now since none of these recen t trav e l-tim e  investigations has shown any 
distinct anomalous regions in the low er m antle, it seem s reasonable to suppose 
that any irreg u la ritie s  in low er m antle velocities will cause pertu rbations of 
one of these m odern trav e l-tim e  curves no la rg e r  than the random e r ro r s  in 
the trav e l tim es them selves. Therefore, by constraining the dT /dA  data to 
an acceptable trav e l-tim e  curve, the effect on the P wave a rriv a ls  of the local 
s tru c tu re  can be large ly  elim inated.
The method used is as follows. 535 values of dT/dA  (listed in 
Table 2 of Appendix 2) from  192 events over the d istance range 28° to 99° have
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been divided into seventeen groups,each corresponding to a narrow  range of
azim uths and a d istance range of about 10°; these groups a re  sum m arised  in
Table 4 .1 , and the azim uth ranges a re  seen to vary  from  2. 3° to  2 3 .4° and
the distance ranges from  1 .3° to 19 .4°. Thus som e of the groups do cover an
inordinately la rg e  azim uth range o r  an undesirably sm all distance range;
unfortunately this is inescapable where the data from  a p a rticu la r region of
the earth  a re  sp a rse . In p reparing  an overa ll dT /dA  curve no data from  the
Fiji and Tonga Islands region have been used, apart from  events 158 and 159
of Appendix 2, owing to the complexity of the local s tru c tu re  affecting the P
a rriv a ls  between azim uths of 90° and 100°. However, the re su lts  obtained
from  this region have been lis ted  in Table 4 .1  (groups 7B and 7C). A smooth
curve was fitted through each group by the Method of Summary Values A, and 
2
a x te s t was used to check the smoothing p rocedure. Each value of dT /d  A 
was trea ted  as an independent datum, and was weighted according to the rec ip rocal 
of the square  of its standard  e r r o r .  The two o r th ree  dT/dA  determ inations for 
a p a rticu la r event a re  not s tr ic tly  independent, but it is justifiable to tre a t them 
as such. If, fo r exam ple, the source w ere in a region of anomalous upper 
m antle ve locities, each point would contain a bias c h a rac te ris tic  of the source 
region; a s im ila r  bias could conceivably be introduced by s tru c tu re  near the 
record ing  station . The reason for taking m ore than one m easurem ent of dT/dA  
and azim uth fo r each event is to com pensate to som e extent fo r the changes in 
wave form  from  one seism om eter to another; these changes might be due to 
m ultiple a rr iv a ls  caused by s tru c tu re  at the deepest point of the ray  path ra th e r 
than by local s tru c tu re . In th is study events of variab le  quality and with different 
num bers of se ism o m ete rs  working have been used, so that equal weight should 
not be given to each datum . Bias for a p a rticu la r event and the e r ro rs  in d is­
tance make it likely  that the e r ro r s  in dT/dA  are  underestim ated . Consequently,
2
if a x fest is applied in the smoothing p ro cess , the data will c learly  be under­
smoothed, and too much detail will be retained in the smooth curve. Since,at 
th is stage, the data a re  smoothed m erely  to determ ine a co rrection ,th is  does
9 6 .
not m a tte r . If an acceptable value of x^ could not be obtained it was assum ed
2
that some points contained bias, and the points giving the la rg e s t values of x
2w ere re jected  and the data smoothed again until an acceptable total x was 
obtained. In p rac tice  it was found that the num ber of points that had to be 
re jected  was sm all (see Table 4 .1 ).
The a rea  under each smooth curve was evaluated and subtracted  
from  the trav e l-tim e  difference between the end points of the range of in te­
gration derived from  the 1968 Seism ological Tables for P P h ases . This enabled 
a co rrec tion  to be applied to every value of dT/dA  in a p a rticu la r group. This 
method m ere ly  involves changing the base line of each se t of dT/dA  m easu re ­
m ents, and is s im ila r  to using a single plane dipping in terface to co rre c t each 
group of data. Having devised a method for co rrecting  the dT/dA  values, it 
is now im portant to estim ate  the e r r o r  on a correction  te rm . According to 
Arnold (1968) the sum m ary  points computed in smoothing the data a re  approxi­
m ately independent observations, and a standard  e r r o r  fo r each sum m ary point 
can be obtained. If the coordinates of each sum m ary point a re  (p. -  a  , A. ), 
i = 1, 2 • • • N, w here N is the num ber of sum m ary points and a  is the standard 
e r ro r ,  an e stim ate  of the e r ro r  in the a re a  under the curve can be obtained 
by integrating the curve interpolated between the points (p. + ql , A. ) o r 
(p. -  o. , A . ). To find the tim e d ifferences between the end points of the range 
of integration, Table 2 of Arnold (1968) has been used even though it has already 
been shown that it is undersmoothed; the e r ro rs  so-in troduced are  insignificant. 
Because the exact nature of the e r ro r s  in the smoothing of the 1968 Seism o­
logical Tables for P  Phases is not yet known,the co rrec tly  smoothed table of 
Appendix 6 has not been used. If the value of the d istance was not in tegral , 
the e r r o r  in the trav e l tim e at any distance has been taken as the m aximum value 
of the e r ro r s  a t the two n earest in tegral values of A . Thus fo r A = 34. 3°, the 
standard  e r r o r  is taken as 0.10 seconds.
C onsider a single group of data. Let the e r ro r s  in the trave l
and A 2» betim es T j and T t> at the end points of the range of integration, A^
97 .
cr and cr respectively , and le t the a rea  under the dT/dA  curve be A -  a  .
1  /Li U
Hence the co rrection  is given by
C
*2 " A 1
(T2 -  T 1 -  A )
(4-1)
This co rrection  C is then added to each value of dT /dA  in the group, and the 
e r r o r  estim ate  in dT/dA  is appropriately  rev ised . The e r r o r  in the co rrection  
C will be sm a lle r  for groups having both a la rge  d istance range and an abundance 
of points. T herefore  data in those azim uth ranges w here there  is a large 
num ber of events d istributed  over a considerable d istance range and c learly  
affected by a s im ila r  local s tru c tu re , will tend to be given m ore weight re la tive  
to values of dT /dA  in regions where the data a re  sp a rse , o r in azim uth ranges 
in which the local s tru c tu re  changes re la tive ly  rapidly . Although there  a re  
probably system atic  e r ro rs  in the 1968 Seism ological Tables fo r P Phases 
(C leary and M uirhead, 1969, and M uirhead and C leary , 1969), they w ere used 
in p reference to the surface  focus trave l tim es of Hales e t a l. (1968) because 
standard  e r ro r s  in the trave l tim es w ere supplied; a knowledge of these e r ro r s  
is essen tia l if a s ta tis tic a l significance te s t is to be applied in the smoothing 
of the co rrec ted  data, in addition much m ore data w ere used than in the 
original work of C leary and Hales (1966)sso that they a re  potentially capable 
of giving a m ore re liab le  trav e l-tim e  curve once the system atic  e r ro rs  have 
been rem oved.
of dT/dA  by the Method of Summary Values A, and th is is shown in F igure 8 .1 .
These co rrec ted  values are  also lis ted  in Table 2 of Appendix 2. Only 492 of
2
the 535 points w ere used in deriving the smooth curve, and a x te s t gave
Finally a smooth curve was fitted through the co rrec ted  values
487.5 on 470 degrees of freedom . The rem aining 43 points w ere re jected
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because they contained bias probably due to e ith e r station o r source effects.
The 22 sum m ary  points of the smooth curve a re  lis ted  in Table 4. 2; these 
points have been interpolated at 0 .1 °  in tervals using fifth divided differences 
from  27. 9° to 86. 2° , and using only fourth divided differences beyond 86. 2° 
to avoid reading too much detail into a portion of the curve where the data 
a re  sp a rse .
It is worth mentioning that ca re  has to be taken that this method 
of analysis does not introduce spurious discontinuities o r rem ove rea l anom alies 
between the sep ara te  groups of data, owing to the inaccuracy of the assum ption 
that the co rrec tion  to d T /dA  is a constant fo r each group. To investigate 
this possib ility  the data of group 1 A have been divided into two groups and a 
separa te  co rrec tio n  derived for each. The re su lts  a re  sum m arised  in Table 4 .3 , 
and indicate that the assum ption of a constant correction  to dT/dA  is an excellent 
approxim ation. The groups in s im ila r  azim uth ranges and adjacent d istance 
ranges for which the co rrections d iffer substantially  a re  2A and 2B, and also 
8A, 8B and 8E. In groups 8A, 8B and 8E the density of the data is low and 
there  is a la rg e  d istance gap between the separa te  groups. It is therefore  
im portant to point out that since there  is a la rge  difference in the co rrections 
for each group, which becomes m ore positive as the d istance in c reases, the 
data of each group a re  tilted; ideally, therefo re , d istance dependent co rrections 
a re  requ ired . This tilt  has little  effect on the overall dT/dA  curve as the 
amount of data involved is sm all. F or groups 2A and 2B the co rrections to 
dT/dA  a re  -  0. 935 sec /d eg  and -  0. 829 sec /d eg  respective ly . The effect is to 
make the dT /dA  curve between 37° and 42° a little  f la tte r  than it should be, 
possibly ob lite ra ting  a rapid decrease  in dT/dA  within th is distance range. The 
method of co rrec tin g  the dT/dA  data does also re su lt in a la rge  amount of sca tte r  
beyond 80° . The overall smooth curve of Figure 8.1 is the sm oothest possible 
curve that will fit the data, so that any f ir s t  o r second o rd e r discontinuities 
in the low er m antle will tend to be sm eared  out. A detailed discussion  of the 
dT/dA  profiles and possible in terpre ta tions will be presented  in C hapters 6 to 8.
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4 .4  A dT /dA  CURVE FOR THE LOWER MANTLE.
(ii) Refined Method.
There a re  severa l refinem ents that can be introduced to improve 
the technique for co rrecting  dT/dA  described  in the previous section . F irs t  
the raw dT/dA  data used in preparing  the final dT/dA  curve w ere those of 
Table 3 of Appendix 2. Thus a reduction in the e r ro rs  and in the s c a tte r  of 
the data has been sought by calculating each dT/dA  and azim uth value with 
all onset tim es giving a residual g re a te r  than 0.04 seconds rem oved. In 
section 4. 3 the e llip tic ity  of the earth  was not considered . In C hapter 2 it 
was shown that the ellip tic ity  correction  can be as g rea t as -  0.024 sec /d eg . 
However, this is irre lev an t if dT/dA  for a range of azim uths and distances 
is co rrec ted  by a constant amount. Of p a rticu la r in te re s t is the varia tion  of 
the ellip tic ity  co rrec tion  with distance for a specific azim uth profile . F or 
the groups of Table 4 .1  the maximum difference in e llip tic ity  correction  
between two events is 0.01 sec /d eg . T herefore  the e r ro r s  introduced by 
neglecting the e llip tic ity  correction  a re  indeed very  sm all. In applying the 
ellip tic ity  co rrec tio n s  the effect of abnorm al focal depth has been ignored. In 
view of the com m ents of Bullen (1939) this seem s quite justifiab le . If the P 
a rriv a ls  at the a rra y  c ro ss  a dipping in terface with a significant velocity con trast, 
the co rrection  to dT /dA  becomes slightly d istance dependent and fa irly  strongly  
azimuth dependent, even for an azim uth range of only 10° to 20°. This effect 
should rea lly  be allowed for. Since the p re lim inary  method was tested  and 
successfully  applied in August 1969, 63 additional dT/dA  m easurem ents from  
32 m ore events have been obtained, so that in the final analysis there  a re  616 
dT/dA  values from  224 events. These ex tra  events a re  num bers 261-292 of 
Appendix 2.
The m ost im portant piece of inform ation that was not used in 
section 4 .3  is the m easured  azim uth of a rr iv a l of each event. This suggests 
that the v ecto r sum m ation method described  in section 3. 5 could be applied to 
the dT/dA  and azim uth data if sp lit into few er groups than in Table 3. 4 .
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Consequently the data have been divided into 15 groups by visual exam ination 
of the s tru c tu re s  of Appendix 5. It is thus postulated that each dT/dA  value 
within one of these s tru c tu re  groups re su lts  from  refrac tion  by the sam e local 
s tru c tu re , and a vecto r sum of the corresponding dip vectors will give a good 
approxim ation to this s tru c tu re . G enerally the data within a p a rticu la r s tru c tu re  
group have been taken from  fairly  narrow  ranges of azim uths and distances; 
however, in th ree  cases it was thought justifiab le to consider P a rriv a ls  from  
different regions but from  s im ila r d istances to be affected by the sam e local 
s tru c tu re . So by using the dip v ec to rs  of Appendix 5, an average dip vector 
for each s tru c tu re  group has been calculated using program m e ZCW101D3; 
this vecto r was used to co rrec t the dT/dA  values within the group with the aid 
of tables of dT /dA  and azimuth anom alies p repared  using program m e ZCW101A4. 
These special tables a re  listed  in Appendix 7. The s tru c tu re  groups differ 
slightly from  the groups of Table 4.1 and a re  shown in Table 4 .4 . E llip ticity  
co rrections have been applied to the data of those groups labelled with the 
suffix E; for the rem aining groups the varia tion  of e llip tic ity  co rrection  with 
distance o r azim uth was insignificant. Any random  e r ro r s  in the s tru c tu re  
co rrections have been neglected.
The dT /dA  values co rrec ted  to f ir s t  o rd e r for local s tru c tu re  
using both the 1968 Seismological Tables fo r P Phases and the azim uth anom alies, 
but s till possibly containing system atic e r ro r ,  have been co rrec ted  again by the 
method described  in section 4 .3 . It is necessary  to constrain  each profile to 
a trav e l-tim e  curve since the s tru c tu res  can introduce bias if there  is a large 
num ber of observations close to an anomalous region of the dT/dA  curve. F or 
some s tru c tu re  groups the dT/dA values have been combined to give a profile 
covering a la rg e  distance in terval. 11 such profiles have been used, 8 of 
which can be c lassed  as regional and the rem ainder contain data from  events 
occurring  in two o r  m ore regions of the earth . In smoothing the data to calcu­
la te  the co rrec tio n , the Method of Summary Values B was used for profile 2R, 
and version  A was used for the re s t .  The re su lts , which a re  essen tia lly  a 
refined version  of Table 4 .1 ,  are displayed in Table 4. 5.
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As in the p relim inary  method it was necessa ry  to re je c t a sm all 
proportion of the dT/dA  data. However, it m ast be rem em bered that this re je c t­
ed inform ation has been used in deriving the s tru c tu re s  of Table 4 .4 . Ideally 
these s tru c tu re s  should be worked out again with the bad data rem oved. Since 
the method of co rrec tin g  the data was being tried  fo r the f ir s t  time, no new set 
of s tru c tu re s  was derived. Consequently some system atic  e r ro r s  a re  p resen t 
in the s tru c tu re s ; these sm all e r ro r s  will be transm itted  to the co rrec ted  
dT/dA  values, but will be removed to som e extent when the portions of the 
dT/dA  curve a re  constrained to the 1968 Seism ological Tables for P P hases.
F inally  a smooth curve was fitted through the co rrec ted  dT/dA
values using the Method of Summary Values B. In fitting the curve only 515
2
points w ere used, and a x te st gave 522.8 on 494 degrees of freedom , which 
is well inside the range 494.0 -  31 .4 . Also, owing to th e ir  large separation , 
the th ree  sum m ary  points covering the d istance interval 49.0° to 67.0° were 
re jected ,and  rep laced  by four points derived by splitting  the d istance interval 
into two sections and smoothing by version A of the Method of Summary Values. 
These four points w ere used in p reparing  the final smooth dT/dA  curve used 
for calculating a velocity  d istribution. The refined version  of the dT/dA  
curve is plotted in F igure 8.2 , and the sum m ary points a re  lis ted  in Table 4 .6 . 
The smooth curve was fitted only to a d istance of 88. 2°; beyond 88. 2° dT/dA  
decreases  sharp ly  and subsequently rem ains alm ost constant (see C hapter 8).
Two regional dT /dA  curves have also been p repared . The f ir s t  has been 
obtained sim ply by interpolating between the co rrec ted  sum m ary points of 
profiles 2, 5 and 6 of Table 4. 5 with one sm all m odification described  in 
Chapter 8. The events of profiles 2, 5 and 6 define the region called for con­
venience the west Pacific  m argin. The second has been prepared  by smoothing 
all the co rrec ted  data from  events to the w est of the f ir s t  regional profile; 
the sum m ary  points a re  listed  in Table 4 .7 .
At th is stage it is in teresting  to com pare the p a ram ete rs  of the 
p re lim inary  s tru c tu re s  of Table 3. 3 with those of Table 4 .4  determ ined by 
summing dip v ec to rs . F o r the vecto r sum m ation method the dip angles are
110 .
/ /  / /
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Figure 4.1 Section through the earth  to illu s tra te  the ideas of seism ic  ray  
theory and the p rocess of ’stripping  the e a r th ’.
1 1 1 .
expected to be la rg e r,s in ce  the in terface has been placed at the base of the c ru s t 
instead of within the c ru s t. Comparing Tables 3 .3  and 4 .4 ,the s tru c tu res  w ork­
ed out from  Aleutian Islands events and from  M ariana Islands earthquakes are  
s im ila r  and fa irly  useful in co rrec ting  dT/dA  m easurem ents; however, between 
d istances of about 48° and 80° and over the azim uth range 8° to 16°, the 
s tru c tu re  affecting the P a rriv a ls  seem s quite d ifferen t. The s tru c tu re  derived 
from  the record ing  of the Novaya Zemlya explosion cannot be used for events 
from  s im ila r  azim uths but at sh o rte r  d is tances. The p re lim inary  s tru c tu re s  of 
Table 3. 3 are  therefo re  of lim ited value owing to the complex s e r ie s  of changes 
in s tru c tu re  between azim uths of 330° and 30°.
4 .5  THE CONSTRUCTION OF A VELOCITY MODEL.
M athem atical Theory . The developm ent of high speed digital 
com puters in recen t y ears  has led to m ore effective use of ray  theory in studying 
the s tru c tu re  of the e a r th 's  in te rio r . In developing the theory concerning the 
tran sm issio n  of body waves within the earth , it is assum ed that the earth  is 
spherica l and sym m etrical about its cen tre  in all its p ro p e rtie s ; in addition 
diffraction effects a re  ignored. Consider a ray  travelling  from  a source E 
at the e a r th 's  su rface  and em erging at a record ing  station S as shown in F igure 4 .1 . 
Owing to the assum ed sym m etry  of the ea rth ,a  ray  path lies  in a plane defined by 
E, S and the e a r th 's  cen tre  O. At any point Q along a ray  path Bullen (1963, 
p. 109) has shown that
p = r  sin i / v (4-2)
where r  is the rad ia l d istance OQ, i in the acute angle between OQ and the 
d irection  of the ray  at Q, and v is the ray  velocity at Q. p is a constant along 
a p a rticu la r ray  path. Then, if T is the total trave l tim e along the ray  path, 
from  Bullen (1963, p. 110),
p = dT/dA (4-3)
112 .
T-A Relations . Let the parameter 77 = r/v. Bullen (1963, 
pp. 111- 112) has shown that the travel times and distances can be computed 
from a velocity distribution by evaluation of integrals of the form
rl
2 A 12 = p J  r" 1 (172 -  p2 ) 2 d r (4.4)
r 2 
r!
i  T12 = J rj2 r 1 ( 772 -  p2 ) 2 dr (4-*5)
r 2
where |  A ^  anc* i  T represent the distance and travel time respectively for
a ray of parameter p terminating at levels r^  and r  ^where r^  > r . The
factor of one half on the left hand side of these equations accounts for the fact
that A1 and T refer to both the upgoing and downgoing portions of the ray
path within the layer. Thus, if A^ and T are required for a segment such
as EF in Figure 4.1, this factor is removed.
A simple and effective way of evaluating expressions (4-4) and
(4-5) for a specified p and a tabulated velocity model has been described by
Bullen (1961). The brief account of this method outlined below is based on
Bullen’s work and follows closely the treatment given by Engdahl, Taggart,
Lobdell, Arnold and Clawson (1968). Suppose the velocity between each point
of the table is represented by a power law of the form v = a r with a and b
constants. Thus v(r) is continuous, but dv/dr is in general discontinuous at
b 12each tabulated point. So if v = a ^ r  in the layer between radii r^  and r^, 
substitution in (4-4) and (4-5) yields (see Engdahl et a l . , 1968)
JAj2 = (1 - b ^ ) ' 1 Icos 1 (pA?j ) -  cos 1 <p/ tj2 ) ] (4-6)
i T 12 = (1 - b 12)_1 [ ( ^ - P 2 )  ^ -  (r?22 -  p2 )* ] (4-7)
where 77 and 77 are the values of 77 at r and r respectively. If a ray reaches
1 A 1 Z
its deepest point between radii r^  and r^
113.
A 12 =  2 ( 1 " b 12)"1 c o s ” 1 (P / T?1 )
2(1  - V " 1 ^ i 2 “ P2
(4.8)
(4.9)
The rad ius of penetration of this ray  is given by
rp = (ai2  P) 12 (4-10)
w here C12 = (1 ' b1 2 ) _ 1  (4.11)
Equations (4. 6 ) to (4.9) enable the travel tim e and distance of any ray  o r 
ray  segm ent to be determ ined by sim ple sum m ation, each lay er being re p re ­
sented by new values of a, b and 77 . One advantage of this method of evaluating 
trav e l tim es and distances is that the p a ram ete r b is the sam e as the p a ram ete r 
t, defined by Bullen (1963, p. 112).
Thus t, = b = _L £ l  (4.12)
v d r
Using a tabulated velocity distribution b and a a re  determ ined from  the
1 L* 1 Z
re la tions
b l 2 = ln  (V j/v2 ) /  In ( r 1 / r 2  )  (4.13)
“ b 1 2
a !2 = Vi r i (4*14)
This sim ple theory has four im portant applications to the work 
described  in th is th esis . F ir s t  it can be used to derive T -A  and p -A curves 
for a specified velocity distribution, and therefo re  can be used to fit a velocity 
model to a p-A  o r T-A  curve by tr ia l and e r r o r .  It can also be used for ray  
trac in g  to investigate the complexity in trav e l-tim e  curves caused by regions 
of high velocity gradients o r low velocity la y e rs . These two p ro cesses  can 
be perform ed using com puter program m e ZCW101C6. As a check on the 
accuracy  obtainable by this power law interpolation method, the P wave 
velocity  d istribu tion  listed  in the 1968 Seism ological Tables for P Phases was 
used to recalcu la te  the travel tim es. The orig inal tim es w ere reconstructed
114 .
to within 0.02 seconds at 30°. One im portant point in connection with this p ro ­
gram m e needs to be m entioned. If, in the vicinity of a discontinuity in the
velocity model, the velocity gradient d v /d r is very  la rge  and negative in a
b
specific lay er, it often happens that r  < exp (- 174.673). In this case the 
com puter cannot cope with the data, so that the region of high velocity gradients 
has to be modified slightly o r a f irs t o rd e r discontinuity has to be introduced.
In p rac tice  this is not a serious disadvantage. The theory can also be used 
to c o rrec t the ep icen tral distance ZFOS in Figure 4 .1 , of an earthquake at a 
focal depth h, to an adjusted surface to surface  d istance ZEOS. The only 
inform ation required  is the focal depth and an approxim ate value of d T /d A . 
Finally the technique can be used to 's tr ip ' the earth  to any depth in the 
m anner described in the next section on the inversion of body wave data.
Both of these p rocesses can be im plem ented using com puter program m e 
ZCW101C2.
that if a dT/dA  curve is prepared  a velocity d istribution fo r the e a r th 's  m antle 
can be calculated. Provided that rj is a monotonic decreasing  function of depth 
below the surface, the integral equation (4.4) for r) can be solved to yield the 
integral (see Bullen, 1963, p. 119 o r Stacey, 1969, p. 271).
The H erglotz-W iechert M ethod. It was rem arked  in C hapter 1
(4.15)
(4.16)
where r^  is the mean radius of the earth ,
r^ is the radius where the velocity  of P o r  S waves is v^ , 
p = rjj, and is the p a ram ete r of a ray  that penetrates to depth r Q -  r^ ,
and reaches the surface at a distance A from  the source.
F or ease of computation (4.15) can conveniently be rew ritten  as
r  exp 
0
(4.17)
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Therefore, to evaluate v^, dT/dA  is required  as a function of A from  0 to A ^. 
E xpression (4.17) enables r  ^  to be calculated and hence using (4.16). In 
p rac tice  the data extend only from  A^ down to a d istance A  ^ , so that a velocity 
model based on o ther work m ust be used to fill in the gap. This assum ed 
velocity model is used to find where the ray path of p a ram ete r p( A ) reaches
l j
its maximum depth h, and then the contributions to the d istance A of the region 
down to rad ius r  -  h for values of p between p (A ) and p (A ) are  calculated .
v  Li X
This enables another dT/dA  curve ch a rac te ris tic  of an earth  of radius r Q -  h 
to be derived -  a p rocess known as ’ stripping  the e a r th '.  This technique for 
deriving velocity d istributions for P o r S waves is known as the H erglotz- 
W iechert m ethod. In general the velocities of P o r  S waves increase  with 
increasing  depth throughout the earth , though there  a re  notable exceptions .
If dri/dr > 0, i . e .  £, > 1, so that the velocity d ecreases  with increasing  depth 
at a sufficiently high ra te , the H erglotz-W iechert method form ally breaks 
down. In th is case  the trouble a r is e s  because no ray  paths reach  th e ir  m axi­
mum depth within the low velocity lay er itse lf. The method can, however, be
t
adapted if the velocity decrease  is discontinuous as at the m an tle-co re  boundary. 
The problem  of low velocity layers  will be d iscussed  in g rea te r detail in 
C hapter 6.
A sm ooth dT/dA  curve can be inverted to obtain a velocity 
d istribution  using com puter program m e ZCW101C8. The details of the 
inversion technique a re  as follows. F ir s t  the dT /dA  data a re  smoothed by the 
Method of Sum m ary V alues, using e ith e r program m e ZCW101C1 o r ZCW101C4. 
It is difficult to find a velocity model that will fit smoothly on to the dT/dA  
curves fo r the low er m antle . This problem  is overcom e by choosing a velocity 
model with an accompanying dT/dA  curve that will a lm ost fit on to the smooth 
dT/dA  curve to be inverted . Then two values of the dT/dA  curve derived 
from  the 's tr ip p in g ' model that correspond to rays that have penetrated  alm ost 
to the base of th is model a re  chosen separa ted  by a d istance interval s im ila r 
to the average spacing of the sum m ary points; the second value is chosen with 
an ab sc issa  very  close to that of the f ir s t  sum m ary point. The next step  is to
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interpolate the curve to 0. 2° in tervals by the method of divided differences 
using the two points derived as explained above, together with the calculated 
sum m ary points except the f i r s t . This procedure is illu stra ted  by the data 
of Table 4 .8 . In this way it is ensured that the calculated velocity d is t r i ­
bution fits smoothly on to the 's tripp ing ’ m odel. The tabulated velocities used 
to 's tr ip  ' the earth  a re  read in, and the interpolated dT/dA  curve is then 
's tr ip p e d ', using the power law technique, to obtain another dT /dA  curve 
ch a rac te ris tic  of an earth  of radius r^  -  h, where h is the depth at which the 
assum ed model ends. The new dT/dA  curve is then interpolated to equal 
d istance in tervals of 0 .2 ° . Next the H erglotz-W iechert integral is evaluated 
by Sim pson's ru le , thus giving a velocity and depth corresponding to each 0 .4° 
in terval of the 's tr ip p ed ' dT/dA  curve.
Although it might appear s im p le r and m ore efficient to 's tr ip ' 
the sum m ary points and interpolate a fterw ards, it was found that there  are  
num erical difficulties owing to the very  wide distance in tervals between the 
's tripped ' sum m ary points at sm all d is tances. The velocity d istribution is 
finally interpolated to in tervals of 5 km . To check the num erical values of the 
velocity model trav e l tim es and dT/dA  values as a function of A a re  calculated 
by the power law technique. The program m e was checked using the dT/dA  
data given in the 1968 Seismological Tables for P P hases stripped  to a depth 
of 40 km. The orig inal travel tim es w ere reconstructed  from  the derived 
velocity model to well within 0.1 seconds at a d istance of about 80°.
4 .6  DISCUSSION.
Two methods of deriving an average dT/dA  curve for the
distance range 27.9° to 98.8° have been described . In both of these techniques
the ultim ate aim is to fit the sm oothest possible curve through the data and
2
sim ultaneously to ensure  that the smooth curve sa tisfies  the x te s t . This 
involved the somewhat a rb itra ry  procedure of re jecting  data that appeared 
to have considerable b ias. It is not certa in  that this bias o r system atic  e r ro r  
fo r a p a rticu la r event is due to irreg u la ritie s  in s tru c tu re  close to the a rra y
118.
s ite  o r in the source region. It is observed that there a re  specific portions
of the dT/dA  curve within which the sc a tte r  of the data is g rea t. This
s c a tte r  might be due to velocity anom alies at the deepest point of the ray
2 2path, and therefore  fitting a single smooth curve to the data so that d T/dA  
is continuous everywhere may tend to sm ea r out some im portant s tru c tu ra l 
fea tu res. Consequently in Chapters 6 and 7 the possib ility  of trip lica tions 
o r o ther types of complexity in the dT/dA  curve, and of regional differences 
in s tru c tu re , are  examined. In Chapter 8 the velocity models derived using 
an assum ed upper m antle velocity distribution to 's tr ip  ' the earth  to a depth 
of 700 km are  presented and com pared with other published work. It was 
not possible to derive a re liab le  average upper m antle model from the dT/dA  
data obtained over the distance range 13 .1° to 26 .8°. F o r this reason the 
construction of upper m antle models has not been considered in this chapter, 
but two regional models a re  presented in Chapter 5.
It is relevant here to comment briefly  on the re la tive  m erits  
of the two versions of the Method of Summ ary V alues. V ersion B has been 
found to be an im provem ent on version A, but it appears to break down if the 
data a re  unevenly d istributed  or are not capable of p rec ise ly  defining a 
cu rvatu re . A combination of both methods in a single com puter program m e 
is now required  so that a range of data within a s e r ie s  of ranges can be 
smoothed by e ither technique at will.
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CHAPTER 5
UPPER MANTLE STRUCTURE 
5.1 PREVIOUS WORK.
The upper m antle was defined in section 1 .4 , and is considered 
to extend from  the base of the c ru s t to a depth of about 700 km. The f ir s t  
study of upper m antle s tru c tu re  using an a rra y  was published by Niazi and 
Anderson (1965) who investigated the upper m antle s tru c tu re  below w estern  
North A m erica using P a rriv a ls  from  70 events at distances between 10° and 
30°, recorded  at the original 10 km Tonto F o res t a r ra y . There was appreciable 
sc a tte r  in th e ir  data, but they found that although dT /dA decreased  considerably 
with increasing  distance, two rela tively  abrupt changes w ere observed at d is ­
tances close to 17° and 24°. These w ere in terp re ted  as two second o rd e r 
d iscontinuities a t depths of about 320 km and 640 km . They did not detect any 
azim uthal dependence in th e ir  dT/dA  values, and therefo re  made no attem pt 
to co rre c t for local s tru c tu re . However, the re su lts  of a seism ic  re frac tion  
survey (W arren , R oller and Jackson, 1965) indicated an irreg u la rly  dipping 
M -discontinuity in the vicinity of the a rra y . Johnson (1967) obtained a velocity 
s tru c tu re  for P waves in the upperm ost 750 km of the m antle, also below the 
w estern  p a rt of North A m erica, derived from  dT/dA  m easurem ents using 
the extended TFSO. Data from  52 earthquakes and explosions in the distance 
range 0° to 30° w ere used, and co rrections for the effects of the c ru s t below 
the a rra y  w ere applied using c ru sta l m odels derived from  the seism ic  refrac tion  
re su lts  of W arren  et al. and gravity data. Two regions with high velocity 
gradients w ere found near depths of 400 km and 650 km, consisting of 9 to 10 
p er cent in c reases  in velocity spread  out over 50 to 100 km . Kanam ori (1967) 
made m easurem ents of apparent velocities of P waves fo r about 50 earthquakes 
recorded at the Wakayama M icroearthquake O bservatories in Japan over the 
distance range 5° to 55°. A velocity model was constructed  which had a rapid
increase  in velocity at 375 km and a slight; increase  in velocity gradient between
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640 and 770 km followed by an alm ost constant velocity down to 950 km.
Recent P wave velocity m odels derived from  trave l tim es from  
chem ical and nuclear explosions, published by Green and Hales (1968),
Lewis and M eyer (1968), Iyer, P ak ise r , S tuart and W arren (1969) and 
Archam beau, Flinn and Lam bert (1969), also show these two regions of 
high velocity gradients. The model of Lewis and M eyer extends only to a 
depth of 500 km and has a sharp  discontinuity at 450 km. Green and Hales 
and A rcham beau e t a l. also found evidence for regional differences in the low 
velocity la y e r below the United States and the w estern  continental United 
States respec tive ly . Evidence for two regions of rapidly changing velocities 
for P waves within the upper m antle had been found previously in several 
travel-tim e studies for different pa rts  of the E arth , and have been com pared 
and sum m arised  in Table 4 of Johnson (1967). In p a rticu la r Doyle and Webb 
(1963) studied trave l tim es of P waves to A ustralian  stations from  Pacific 
nuclear explosions. They found bends in the travel-tim e curve at 19° and 
near 25° o r  26°. These regions of high velocity gradients at depths close 
to 400 km and 650 km have been found in the S wave investigations of Ibrahim  
and Nuttli (1967) and Kovach and Robinson (1969), as well as in the S wave 
model derived by Anderson and Toksoz (1963) from  observations of Love wave 
d isp ersio n . The apparent d iscrepancies between surface wave and body wave 
models w ere exam ined and explained by Julian and Anderson (1968). Thus 
recent seism ological work has established the existence of two m ajor d is ­
continuities in the upper m antle. Further, these d iscontinuities can be 
sa tisfac to rily  explained by phase transform ations in the m ineral phases 
likely to occur in the m antle,(see for example Ringwood, 1969a, b and Ring-  
wood and M ajor, 1969). Regional d ifferences in upper m antle s tru c tu re  below 
the North A m erican continent have now been estab lished , but com paratively 
little  work has been accom plished in other parts  of the w orld.
D irect m easurem ents of travel-tim e gradients for events a t d istances 
le ss  than 30° have only been made for the m antle beneath w estern North A m erica 
and the Japan reg ion . It is therefo re  im portant that P wave trav e l-tim e  gradient
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studies at short distances should be attem pted for the A ustralasian  region, 
p a rticu la rly  the s tru c tu ra lly  complex region to the north of A ustra lia . WRA 
is ideally situated  for a study of this kind, and the objective in th is chapter 
is to p resen t som e pre lim inary  re su lts  and to see w hether regional differences 
in upper m antle s tru c tu re  o r any unusual fea tu res of the m antle can be detected . 
Unfortunately, however, the effect of the local s tru c tu re  beneath the a rra y  
im poses severe  lim itations on the in terpre ta tion  of the dT/dA  data.
5 .2  dT/dA  AND AZIMUTH DATA .
A total of 110 m easurem ents of dT/dA  and azim uth of both f ir s t  
and second a rriv a ls  from  45 events over the d istance range 13.1° to 26.8°, 
from  two sep ara te  regions,has been obtained. These dT/dA  and azim uth values 
have been derived in exactly the sam e m anner as the data fo r low er m antle 
s tru c tu re , and a re  lis ted  together with the ep icen tre  data in Tables 1 to 3 of 
Appendix 2. All event num bers quoted in th is chap ter and in the rem ainder of 
the thesis re fe r  to those of Appendix 2. The ep icen tres shown in F igure 5.1 
can conveniently be sp lit into two regions: f i r s t  those to the north  w est of the 
a rra y  and secondly those to the north e as t. An exam ination of the dT/dA  
and azim uth values shows that the P a rriv a ls  appear to be affected by local 
s tru c tu res  ra th e r  d ifferent from  those affecting m ore distant events within the 
sam e azim uth range. Further, the work on the local s tru c tu re  described  in 
C hapter 3 has shown that it would be futile to assum e that any of the s tru c tu re s  
of Table 3 .4  o r Table 4 .4  can be applied to the upper m antle da ta. To illu s tra te  
this point the azim uth anom alies for both f ir s t  and second a rriv a ls  have been 
plotted in F igures 5 .2  and 5 .3  for com parison with F igures 3 .5  to 3 .7 . In 
Figure 5 .3  a d ifferent symbol has been used for points belonging to each 
separa te  branch of the travel-tim e curve; the cause and identification of these 
branches a re  d iscussed  la te r . Since w idespread regional d ifferences in upper 
m antle s tru c tu re  probably occur, it is not justifiab le at p resen t to derive 
co rrecting  s tru c tu re s  from the dT/dA  data itse lf, o r  to constrain  the data to 
a travel-tim e curve, as was done for the low er m antle. Thus, although
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Figure 5 .4  dT/dA m easurem ents  for f i r s t  and second a rr iv a ls  for events 
of regions A and B.
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system atic  e r ro rs  in dT/dA undoubtedly ex ist, there  is no way of telling 
whether they a re  produced by s tru c tu re  at the a rra y  site , changes in s tru c tu re  
along the transm ission  path, o r ir reg u la ritie s  in s tru c tu re  in the source region.
In addition, for the s tructu rally  complex region to the north of A ustra lia , 
epicentre m islocations and e r ro rs  in focal depths may be im portant. It 
seem s, therefo re , that the only plausible way of co rrec ting  the dT /dA  data 
is by use of the trave l-tim e residuals of events recorded at WRA.
(a) Data from  Region A: Distance Range 13.1° to 26.8°; Azimuth Range 
310. 8  ^ to 355.8u7 T se e  Figure 5 .1 ).
The 27 earthquakes a re  from  the Banda and F lo res Seas, the 
Molucca Sea, Halm ahera, Celebes, the Talaud and Philippine Islands region 
and the W est New Guinea region. For a study of th is kind shallow events 
should rea lly  be used, owing to the difficulty of co rrec ting  epicentral d istances 
for focal depth for deep focus earthquakes. One lim itation imposed was that 
for close events from  the Banda Sea a re a  th e re  were very  few shallow e a r th ­
quakes that gave c lea r P a rriv a ls  at the a rray ; consequently som e reasonably 
deep earthquakes had to be used. The events can be divided into th ree  groups 
according to focal depth h: (a) 9 with h < 60 km, (b) 9 with 60 km < h <130 km 
and (c) 9 with h > 130 km . It is of course v irtua lly  im possible to obtain 
re liab le  focal depth corrections fo r those events at depths g re a te r  than about 
60 km; all ep icentral d istances have nevertheless  been co rrec ted  approxim ately 
to correspond to a surface to surface d istance,using  the upper m antle model 
used to define the 1968 Seismological Tables fo r P Phases at d istances of le ss  
than 20°. The e r ro rs  in these co rrec tions could be la rg e r  than 2° for some 
Banda Sea events, but owing to o ther uncertain ties any fu rth e r refinem ents 
a re  not justifiable at p resen t. No e llip tic ity  corrections have been included.
The dT/dA  m easurem ents a re  displayed graphically  in Figure 5 .4 . 
In spite of the sc a tte r  of the data, it is c le a r  that there  a re  th ree  d istinc t branches 
defined ty the f ir s t  and second a rriv a ls ; these a re  denoted ab, cd and ef in 
F igures 5 . 3 -  5. 5. It is possible to a sc rib e  each datum to one of these b ranches. 
Such an in terpreta tion  may be c o rre c t, but it seem s unsatisfactory  owing to the
127 .
Figure 5 .5  D iagram  to illu s tra te  the possib ility  of additional branches 
of the trav e l-tim e  curve between branches ab and cd 
and between cd and ef.
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sc a tte r  of the da ta . M oreover this s c a tte r  can be explained if the p resence 
of additional branches of the dT/dA  curve between ab and cd and between 
cd and ef is p o stu la ted ; these ex tra  branches will be called pq and xy r e s ­
pectively as indicated in Figure 5 .5 . It is also postulated that branches pq 
and xy may be seen fo r some events near 19° and 24° but not for o thers, 
and that they can be the firs t a rr iv a ls  for a d istance range of a few tenths of 
a degree. The physical significance of this will be d iscussed  la te r . The 
P a rriv a l of event 224 and the second dT/dA  m easurem ent of event 225 w ere 
ascribed  to branch pq. The dT/'dA m easurem ents for events 235, 236, 240 
and two of those for event 234 w ere assum ed to belong to branch xy. The 
dT/dA  values believed to belong to e ith e r of these branches w ere ignored in 
the subsequent analysis .
A s tra ig h t line was fitted by le as t squares through each of the 
segm ents ab, cd and ef; each value of dT/dA  was given a weight proportional 
to the rec ip ro ca l of the square of its standard  e r ro r .  No data from e a r th ­
quakes at depths g re a te r  than 225 km w ere used in fitting the s tra ig h t lin es ,
and dT /dA  m easurem ents from Banda Sea events 215, 216 and 221 w ere not
2
used to define branch ab. A X test on each of the stra igh t line segm ents
gave the re su lts  lis ted  in Table 5.1 (a). Owing to the s c a tte r  of the dT/dA
2
data due to azim uthal variations in local s tru c tu re , the total f°r  branch ab 
is excessively  la rg e ; note that the s tra ig h t line fit to branch cd is excellen t. 
The J-B  residuals  for each branch a re  plotted in F igure 5. 6, and a s tra ig h t 
line has been fitted through the th ree  branches ab, cd and ef in o rd e r to define 
approxim ately the to ta l travel tim e at any point. Each residual has been 
ascribed  to one of these th ree  branches, for sim plicity  ignoring branches pq 
and xy.
The next step is to fit a velocity model to the data. Very little  
is known about the P wave velocities at the base of the c ru s t and the top of the 
upper m antle in the A ustralasian  region. P wave velocities for the upper 
m antle below the New Guinea-Solomon Islands region have been published by 
Brooks (1962), but little  e lse  has been accom plished. It is evident, however,
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F ig u re  5 .6  J -B  re s id u a ls  fo r  th ree  branches o f the t ra v e l- t im e  cu rve : 
(a) reg ion  A , (b) re g ion  B .
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from  the J-B  residuals from the Banda Sea events that provided the epicentre 
locations a re  not subject to large system atic  e r r o r s ,  the upper m antle velocities 
below the northern part of A ustralia  a re  fa irly  fast and c h a rac te ris tic  of a stable 
region. It is c lea r from the raw  dT/dA  data that a derived velocity  model will 
not yield the co rrec t travel tim es, so the travel-tim e residuals  have been used 
to c o rre c t each branch of the dT/dA  curve. The s tra igh t lines fitted through 
the J~B residuals were used to define the trav e l tim es at the end points of the 
branches concerned, and then the base line of each stra ig h t line segm ent of 
the dT /dA  curve was adjusted to make the a re a  beneath it equal to the trave l­
tim e difference between the end points, in exactly  the sam e way as the low er 
m antle data w ere co rrec ted . This procedure could not be applied to branch ef 
owing to the lim ited amount of observational data available. Consequently a 
co rrec tio n  was chosen to give the sam e fractional change in dT /dA  as for branch 
cd:
i .e .  co rrection  for branch ef
c , , , dT /dA  at m id-point of efco rrection  for branch cd x J /
dT /dA  at m id-point of cd
(5.1)
These co rrections a re  lis ted  in Table 5.1 (b).
The data belonging to  branch ab w ere of too poor quality to 
enable a re liab le  velocity model to be derived. To s tr ip  the earth  to a depth of 
410 km, a model of the c ru st and upper m antle was chosen by tr ia l  and e r r o r  
to fit branch ab and the travel-tim e residuals approxim ately; this p rocess was 
accom plished with the aid of program m e ZCW101 C6. The stripp ing  model 
was made a little  le ss  a rb itra ry  by stripping  the earth  to 87 km, using branch 
ab to derive  a velocity d istribution  from  87 to 210 km by the H erglotz-W iechert 
tech n iq u e , and then incorporating these velocities in the stripp ing  model itse lf. 
The data are  also too sp arse  to enable anything to be deduced about the low 
velocity  la y e r . No low velocity lay er has been included in the stripp ing  model 
at p resen t, as the work of Green and Hales (1968) and B a rr  (1967) indicate that
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F igu re  5 .7  P wave velocity  models for the upper m antle: reg ion  A.
region B and m odel CIT 208 of Johnson (1969).
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such a lay e r is vestig ial o r absent beneath stable continental sh ields. Then 
a velocity d istribution  was calculated for branch cd using the H erglotz- 
W iechert technique. Owing to the discontinuity in dT/dA  between branches 
cd and ef, the com plete velocity model was used to s tr ip  the earth  again so 
that the H erglotz-W iechert integral could be evaluated for branch ef. The 
p aram ete rs  of the velocity model and the associated  trave l tim es and tra v e l­
tim e gradients a re  lis ted  in Table 5 .2 , and the model itse lf is shown in 
Figure 5 .7 . In F igure 5.8 the actual trav e l tim es a re  com pared with the 
tim es calculated from  the model.
It is worth commenting that little  m eaning can be attached 
to the dT /dA  m easurem ents for branch ab since few of the events a re  shallow. 
The travel-tim e residuals between 13. 1° and 20. 2° suggest a reasonably high 
subcrusta l velocity  and a slow ra te  of in c rease  of P velocity with depth*
Because of th is ,the  stripping  model is such that su rface to su rface  ray paths 
of 16.0° and 18. 0° penetrate  only to depths of 103 km and 144 km respectively . 
T herefore events at depths g re a te r  than 100 km and at ep icen tral distances 
le ss  than 20° should have co rrected  d istances much la rg e r  than the values 
obtained from  the 1968 Seismological Tables for P P hases, if the stripping 
model is approxim ately co rre c t. A rem ark  on the technique of stripping the 
earth  is also re levan t at this stage. F ir s t ,  since no re tro g rad e  branches of 
the travel-tim e curve have yet been identified, the upper m antle transition  
lay ers  have been assum ed to be f ir s t  o rd e r velocity d iscontinuities. The 
ab branch of the dT /dA  curve of Figure 5 .4  was extrapolated  in o rd e r  to give 
a m aximum depth of penetration of 410 km and a P wave velocity of 8.55 k m /sec  
above the discontinuity . This depth and the corresponding velocity were chosen 
by tr ia l and e r r o r .  V elocities of 8.. 55, 8. 6 and 8. 65 k m /sec  and depths between 
350 km and 420 km w ere tried , and the values ultim ately chosen gave the best 
fit to the trave l tim es and the co rre c t c ro s s -o v e r  d istance between branches 
ab and cd. Branch cd was extrapolated s im ila rly  to give depths of penetration 
between 600 km and 650 km when deriving the velocities below the low er d is ­
continuity.
C
ur
ve
s 
fo
r 
R
eg
io
n 
B
,
137
<1
73
\
H
73
73C
s
<D
5
U
H
bßcj
3Cloa
CQ0)w
■8o
Üoo
a>>
C O
l O
o »—*
•3
H
D
ep
th
, 
km
o o o o o o o o o ^ o o o o o o o o
S lOU3LOuOOO<OOCOO>COCOOO<OC'-!>-
o 1„ ^ 1
CO
a \> g
9»
 7
46
5 
9.
78
48
 
9.
82
24
 
9.
85
99
 
9.
89
70
 
9.
93
42
 
9.
96
74
 
10
. 0
76
1 
10
.1
46
8 
10
.2
09
6 
10
.2
68
4 
10
.3
24
7 
10
.3
79
4 
10
.4
32
8 
10
,4
85
4 
10
,5
37
2 
10
.5
88
5 
10
,6
39
3
43 o o o o o o o o o o o o o o o o o o o o o o  1
M
od
el
 . 
D
ep
 
km
44
0.
44
5,
45
0.
45
5.
46
0.
46
5.
47
0.
47
5,
48
0.
48
5.
49
0.
49
5.
50
0.
50
5.
51
0.
51
5.
52
0.
52
5.
53
0,
53
5,
54
0
54
5
>>
' oo
0
>
(a
)
V
km
/s
ec
9.
28
92
9.
31
24
9.
33
53
9.
35
78
9,
38
01
9.
40
20
9.
42
37
9.
44
52
9.
46
64
9.
48
74
9.
50
82
9.
52
89
9.
54
94
9.
56
97
9.
58
98
9.
60
99
9.
62
97
9.
64
95
9,
 6
69
1
9.
 6
88
6
9.
70
80
9.
72
73
D
ep
th
, 
km 0.
0
33
.0
33
.0
 
10
0.
0 
18
0,
0
25
0.
0
32
0.
0 
37
0.
 0
 
37
0.
 0
37
5.
0
38
0.
0 
38
5.
 0
39
0.
0
39
5.
0
40
0.
0
40
5.
0
41
0.
0
41
5.
0
42
0.
0
42
5.
0
43
0.
0
43
5.
0
V km
/s
ec
6.
20
00
 
6.
30
00
 
8.
08
00
 
8.
11
15
 
8.
17
10
 
8.
27
50
 
8,
46
23
 
8.
60
00
 
8.
82
25
 
8.
89
92
8.
 9
45
7 
8.
98
48
 
9,
01
97
9.
 0
52
0 
9,
08
23
 
9.
11
12
 
9.
13
89
 
9.
16
57
 
9.
19
16
 
9,
21
68
 
9.
 2
41
4 
9.
 2
65
5
1-
T
im
e 
an
d 
dT
/d
A
 C
ur
ve
s 
,
138
o o
T3 *
LO LO
a  ü
t o  CM
LO 0 0
CM  CM
CM CM
(c
) 
M
ea
su
re
d 
T
ra
ve
l 
T
im
es
.
139
CDOc
Cd bDCD
M T3
Q
O  CO
oo m
r-i
01
H
CD>
cd
Jh
H
TD
CDU3
CO
cd
CD
o
<D
CO
CQ
in
<M
T—1
©
co
co
rÖOc
cdfl
PQ
cd
«j-i
CD
140 .
Region A
A , kmRegion B
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A , km
F ig u re  5 .8  A com parison  o f the tra v e l t im e s  ca lcu la ted  fro m  the v e lo c ity  
m odels d e rived  fo r  reg ions A and B w ith  the actua l t ra v e l 
t im e s .
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(b) Data from  Region B: Distance Range 18.9° to 25,3°; Azimuth Range 
1 7 .56 to 67.2Ö~
The 18 earthquakes a re  from  the north and north west coasts 
of New Guinea, New Ireland, New B rita in  and the Solomon Islands region , 
as shown in Figure 5 .1 . F o r this region it is e a s ie r  to find good shallow 
events, but there  a re  no data at d istances le ss  than 18 .0°. In this case there  
a re  (a) 10 events with h < 60 km, (b) 7 with 60 km < h < 130 k m , and 
(c) 1 with h > 130 km. The method of analysing the data is the sam e as for 
region A, except that the dT/dA  m easurem ents w ere not used to define any 
parts  of branch ab. Three d istinct branches of the dT /dA  curve can be identi­
fied, and once again a stra igh t line has been fitted through each segm ent (see 
Figure 5 .4 ). The relevant data a re  given in Table 5 .1 . It is also p o ssib le  
to reduce the s c a tte r  in the data by ascrib ing  som e of the points to branches 
pq and xy. The second a rriv a l of event 242 and the f ir s t  a rr iv a l of 249 have 
been assum ed to belong to branch pq. The f ir s t  a rr iv a l of event 257 and the 
second a rr iv a ls  of 255, 258 and 260 have been ascribed  to branch xy. The 
dT/dA  data w ere not subject to as much system atic  e r r o r  as the values for 
region A, and no attem pt was made to c o rre c t them . A velocity d istribution 
was chosen som ewhat a rb itra r ily  by fixing the subcrusta l velocity at 8.08 k m /sec , 
and adjusting the underlying velocities to give a to tal trav e l tim e close to 252.1 
seconds at 1 8 .0 ° . The derived velocity model shown in Figure 5.7 was used 
to generate  the expected trav e l-tim e  and dT /dA  cu rves, and the re su lts  a re  
displayed in F igure 5 .8 and Table 5 .3 . In F igure 5 .8 the total travel tim es 
calculated from  the derived model fo r region B become p rog ressively  too 
long beyond 20°, thus showing that the dT/dA  values need sm all co rrec tio n s.
Also the magnitude of the velocity anomaly near 600 km is very  sm all. This 
effect is probably not rea l; it is m ost likely to be due to the poor control over 
the ra te  of d ec rea se  of the cd branch of the dT /dA  curve caused by the s c a tte r  
and paucity of the basic dT/dA  data.
142 .
5 .3  DISCUSSION.
The salien t featu res of this sh o rt investigation of the upper 
m antle will now be considered. For both regions A and B, high velocity 
gradients o r sharp  velocity changes for P waves at depths of about 400 km 
and 620 km have been identified for the region of the m antle below the northern  
and north easte rn  edges of the A ustralian  continent, but it has not been possible 
to deduce re liab le  P wave velocities owing to the complexity of the c ru sta l 
s tru c tu re  at the a r ra y  s ite . The velocity model derived by Johnson (1967,
1969) has been included in Figure 5.7 fo r com parison with the two upper 
m antle models derived in this study. The model for region B is obviously 
unsatisfactory .
It is im portant to consider w hether the dT/dA  data reveal 
d ifferences in s tru c tu re  between regions A and B. The azim uthal differences 
in dT/dA  for a specific d istance range a re  m ost probably due to differences 
in local s tru c tu re , and do not m erit any fu rth e r consideration. F or region A, 
ef (or xy) is the f ir s t  a rriv a l beyond 24. 0°, but for region B, cd appears to 
be the f irs t a rr iv a l up to 24 .4°. Thus the branch ef (or xy) may become the 
f ir s t  a rriv a l at a sh o rte r  d istance for region A than fo r region B, though 
system atic  e r ro r s  in ep icentre and focal depth determ inations could easily  
account for this d iscrepancy. It is not possible with the lim ited  data available 
to say much about the c ro ss -o v e r between branches ab and cd, except that ab 
is probably the f i r s t  a rr iv a l beyond 19° for bo th  reg ions. O ther studies have 
generally suggested a slightly sm a lle r  d istance (see Johnson, 1967). In 
F igure 11 of Johnson (1967) the c ro s s -o v e r  is given at 17°. It is of som e 
in te re st that branch ab has been positively identified by its dT/dA  value as 
the f irs t a rr iv a l fo r event 223 at a d istance of 19. 3°, since the second a rriv a l 
2 .0  seconds la te r  definitely belongs to branch cd. However, the c ro ss -o v e r 
distance between cd and ef given by Johnson does not d iffer significantly from  
the value found in this study. T herefore , unless Johnson has m isin te rp re ted  
his data, there  appear to be significant differences in m antle s tru c tu re  between
T
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Northern Celebes 8.10. 67.
h = 71 km A =23.5, azimuth = 326.4
Pass Band 0 .4 -2 .0  cps
145 .
1 sec
Figure 5 .9  A rray  record  for the Northern Celebes earthquake of 8 .10.67 showing 
the a rr iv a l  of two distinct phases at almost the sam e tim e. (Event 
233). The output of R2 is inverted.
Northern Celebes 5. 6. 66. 
h = l47 km A=23.5, azimuth= 3275°
Pass Band 0.4 -2 .0  cps
146 .
Figure 5.10 A rray  reco rd  for the N orthern Celebes earthquake of 5. 6. 66 showing 
the a rr iv a l of two d istinct phases at a lm ost the sam e tim e. (Event 
237).
147.
Northern Celebes 16. 7 66.
h = 181 km 6=23.7°, azimulh = 326.5°
Pass Band 0.4 -2 .0  cps
0 0 - 3 4 - 3 1
1 sec
Figure 5.11 A rray  reco rd  for the N orthern Celebes earthquake of 16 .7 .6 6  showing 
the a rr iv a l of two d istinc t phases at a lm ost the sam e tim e. (Event 
239).
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BANDA
SEA
0 < G d 5  <ZZ^>
m i d - p o in t
OF CELEBES-W1 
PATH
W RA
a EVENTS 233, 2 3 7 A N D  2
Figure 5.12 Map showing the region of deep focus Banda Sea earthquakes
and the ray  paths of the anomalous N orthern Celebes events.
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northern  A ustralia  and w estern  North A m erica ,
There is an im portant featu re  of the re su lts  which may indicate 
la te ra l varia tions in s tru c tu re  below 600 km . Events 233, 237 and 239 all 
show two distinct a rriv a ls  separated  by le ss  than 1 .5  seconds. In each case  
the branch ef is the f ir s t  a rr iv a l, but with a significant azim uth anomaly of 
4° -  7°; branch cd a rriv e s  from  approxim ately the righ t azim uth. The 
re su lts  a re  lis ted  in Table 5 .4 , and a rra y  reco rd s  of events 233, 237 and 239 
a re  shown in Figures 5 .9 - 5 .1 1 ;  all th ree  events a re  at alm ost the sam e 
ep icen tra l distance, but at d ifferent focal depths. Since events 233 and 237 
a re  a lm ost exactly at the c ro ss -o v e r point it is evident that the focal depth 
determ inations a re  unreliable. It is hard  to see  how such a rotation of one 
phase can be produced by the local s tru c tu re  beneath the a rra y , but this cannot 
be d ism issed  entire ly  at p resen t. There is, however, another im portant con­
sideration  which makes it reasonable to suggest that this rotation effect is 
produced near the deepest portion of the ray  path fo r the f ir s t  phase. At an 
azim uth close to 325° from  WRA and at d istances of about 14° to 18°, is the 
region of deep focus Banda Sea earthquakes (see Figure 5 .12  ). The rays 
from  the th ree  N orthern Celebes earthquakes will pass through the base of the 
deep focus earthquake zone. Thus it is suggested that the la rge  anom alies 
in azim uth for these th ree  events a re  produced when the waves pass through 
o r  pass close to this zone in which the phase transition  region may be dipping 
o r may vary  la te ra lly . There is, however, an apparent inconsistency. Event 
240 from  the Banda Sea, at a depth of 656 km and an azim uth of 325. 3°, does 
not show this effect, though an e r r o r  in focal depth of 100 km would mean 
that the rays would not penetrate  deep enough to reach  the phase transform ation  
reg ion . Evidence fo r such an e r r o r  is provided by the dT /dA  values for the 
f ir s t  arriva l,w hich  a re  c h a rac te ris tic  of the branch xy d iscussed  below. C learly  
m ore work is requ ired  on events within this narrow  azim uth range to a sce rta in  
w hether the explanation of the large  azim uth sh ift fo r branch ef is reasonab le .
It does seem  that there  a re  serious e r ro r s  in the U .S .C .G .S . focal depth 
determ inations fo r events in the Banda Sea, Celebes and surrounding reg ions.
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Table 5.5«, L ist of Values of the Ratio (d T /d /^  
fo r Both Regions A and B.
/  (dT /dA )2
Event
Number
(d T /d A ) 
(dT/dA)2
C orrected
D istance,
deg
Azimuth
deg
233 1,08 24.0 326.4
237 1.10 24.7 327.5
238 1.18 24.9 342.1
239 1.11 25.1 326.5
255 1,05 23.9 50.5
256 1.12 24.1 40.0
257 1,03 24.3 55.9
258 1 . 05 24,4 cn i—» 00
260 1.05 25.3 67. 2
R
eg
io
n 
B 
R
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A
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It is now pertinent to examine the problem  of w hether the 
hypothetical branches of the travel-tim e curve, pq and xy, a re  re a l, and to 
provide an explanation. Suppose it is assum ed that the re la tive changes in 
dT/dA  fo r branches cd and ef a re  sm all over a d istance range of about 1° on 
e ith e r side of the c ro ss -o v e r. For regions A and B the ratio  (d T /d A ^ /(d T /d A ^  
has been calculated for each event fo r which two distinct phases w ere d isce rn ­
ible, and the re su lts  a re  shown in Table 5 .5 . The suffices 1 and 2 re fe r  
to the phases with h igher and low er dT /dA  values respective ly . The ratio  
is between 1.08 and 1.18 fo r the events of region A and event 256 at an azi­
muth of 40° in region B; the average change in dT/dA  at the c ro ss-o v e r point 
is 10%. However, fo r the rem aining four events of region B, at azim uths 
g re a te r  than 50°, the ra tio  is between 1.03 and 1.05, giving an average change 
in dT/dA  at the c ro s s -o v e r  of about 5%. Thus the dT/dA  co n trast between 
the two branches is considerably le ss  for events a t azim uths between about 
50° and 70° from  WRA. This could suggest regional varia tions in the zone 
of high velocity gradients near 620 km, but another in terpre ta tion  seem s m ore 
probable.
The fractional change in dT/dA  in moving from  branch cd 
to ef appears to be twice as g rea t fo r region A. This, taken in conjunction 
with the dT /dA  values for events 255, 257, 258 and 260, suggests that for 
region B there  is an in te rm ed ia te  branch xy which is the f ir s t  a rr iv a l over a 
very  sm all d istance in terval of a few tenths of a degree, but is a c lea r second 
a rriv a l at o ther d is tan ces. This is illu s tra ted  in F igure 5 .5 , and this effect 
would be produced by two d istinct, but fa irly  c losely  spaced ,d iscontinuities.
It is also significant that fo r region A the data ascribed  to branch xy a re  
f ir s t  a rr iv a ls  fo r th ree  events. An average value of dT/dA  for branch xy is 
lis ted  in Table 5.1 fo r both reg ions. It is therefo re  suggested that at a depth 
of about 620 km, fo r both regions A and B, th e re  a re  two closely  spaced 
discontinuities which give r is e  to an additional branch xy in the travel-tim e 
curve; why the in term ediate  branch should be seen  fo r som e events and not 
for o thers is not yet c lea r . In addition the la rg e  azim uth shift of the f ir s t
0200
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5 .1 3  Suggested m odel o f the upper m antle  show ing d is c o n tin u itie s  a t 
320, 400, 600 and 680 km .
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Figure 5.14 T rav e l-tim e  and dT/dA  curves for the velocity model of 
F igure 5 .13.
154 .
a rriv a l of the N orthern Celebes events of Table 5 .4  may be re la ted  to this 
phenomenon. The evidence for two distinct transition  lay ers  near 400 km is 
m ore tenuous.
A velocity model has been chosen with f ir s t  o rd e r d iscontinu­
ities a t 320, 400, 600 and 680 km to illu s tra te  the way in which the ex tra  
branches pq and xy a re  produced. The velocity model and the corresponding 
travel-tim e and p-A curves a re  shown in F igures 5.13 and 5 .14. B ranches 
pq and xy a re  never the firs t a rr iv a ls , but a few m inor adjustm ents of the 
p a ram ete rs  of the model could make both pq and xy the f ir s t  a rr iv a ls  over a 
sm all distance in terval. An a lternative explanation of the appearance of the 
branch pq might be that the f ir s t  phase, say, for event 249 has been m issed, 
and that the second a rriv a l is rea lly  the th ird  a rr iv a l belonging to the re tro ­
grade branch be; this is improbable, and definitely cannot be the explanation 
of the observations of branch xy.
The two m ajor discontinuities in the upper m antle at depths 
of about 400 km and 620 km have been sa tisfac to rily  explained as phase changes 
(A nderson, 1967a, Ringwood, 1969 a ,b , Ringwood and M ajor, 1969). But at 
p resen t the dT/dA  observations do not enable one to say w hether the d iscontin­
uities are  of f ir s t  o r second o rd e r. Petro logical evidence suggests that the 
discontinuity near 400 km may be associated  with two im portant phase tra n s ­
form ations: f ir s t  the pyroxene-garnet transform ation  and secondly the o liv ine- 
spinel transform ation  (Ringwood, 1969a, b). The second of these has recently  
been shown to be capable of producing a f ir s t  o rd e r seism ic  discontinuity at 
a depth of about 400 km when the olivine and spinel re a c t to form  a beta phase 
(Ringwood and M ajor, 1969). It is also likely that the discontinuity a t a 
depth of about 620 km is of f ir s t  o rder; Engdahl and Flinn (1969) have observed 
p re c u rso rs  to waves of the PKPPKP type in the d istance range 55° to 75°, and 
a ttribu te  them  to reflections from  the low er side of this discontinuity. The 
ra tio  of dT /dA  values fo r adjacent branches of the dT/dA  curve should ultim ­
ately show w hether there  are in fact two regions of sharp ly  changing velocity 
gradients e ith e r near depths of 400 km o r near 600 km. Two discontinuities
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Figure  5 .15  The effect of focal depth on the separa tion  of two c lose ly  spaced 
phases  produced by a region of high velocity  g rad ien ts .
(a) su rface  focus, (b) depth h.
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near 400 km are to be expected, and it is likely that a complex series of 
phase changes occurs around the deeper discontinuity (Ringwood, 1969a, b).
The problem of the sharpness of the velocity changes can be examined by 
trying to detect reflections from them using the correlation technique described 
in Chapter 2, and this is discussed further in Chapter 9.
It is relevant to remark that it is very difficult to obtain any 
useful dT/dA data at WRA for the region of the mantle shallower than 300 km, 
owing to the absence of natural earthquakes at distances less than 17° that 
give clear P arrivals. The only region closer to WRA than 17° for which 
earthquakes are often reported on the U.S.C.G.S. preliminary determination 
of epicentre cards is the Banda Sea and adjacent area. Most events from 
this region are either deep or give very complex P wave arrivals for which 
it is not easy to obtain reliable dT/dA and azimuth values. Explosion studies 
are therefore required to elucidate the structure of the uppermost regions of 
the upper mantle beneath the northern part of Australia. Very recently earth­
quakes have occurred in central Australia in a region where seismic activity 
was completely unknown, and the P arrivals at WRA will provide dT/dA 
measurements at distances of about 7° - 10°.
5.4 THE EFFECT OF FOCAL DEPTH ON THE RELATIVE DISPLACEMENT 
OF TWO CLOSELY SPACED BRANCHES OF THE TRAVEL-TIME 
CURVE.
There is an important effect produced at a recording station 
by a deep focus earthquake, when two distinct P phases associated with a 
region of high velocity gradients are observed. Referring to Figure 5.15, 
the T-Aand p - A curves will look slightly different because of the difference 
GH in corrected distances for the two phases and the difference in travel 
times along portions FA and F’A in (a) and (b). It is therefore useful to cal­
culate the magnitude of this effect. As an example consider a surface focus 
earthquake recorded at a distance of 19. 75°, and let the crust and upper mantle 
for the ray path correspond to the velocity model of Table 5.2. In Table 5. 6 
the parameters of the first and second arrivals are 10. 62 and 13.04 sec/deg
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Table 5 .6 . dT/dA and Travel-T im e Values for Two Phases 
Recorded at the Same D istance.
(a) Surface Focus.
Branch d T /d A , 
sec /deg
T,
sec
A ,
sec
Separation of 
Phases, 
sec
cd 10. 64 269.04 19.46 0.30
ab 13.08 269.34
cd 10.62 272.08 19.75 1.01
ab 13.04 273.09
cd 10.44 298.49- 22. 25 6.88
ab 12.82 305.37
ef 9. 36 319.45 24.31 0.67
cd 10.29 320.12
ef 9.30 329.40 25.37 1.43
cd 10.22 330.83
Branch d T /d A , 
sec /deg
(b) h = 120 km . 
T, 
sec
A,
sec
Separation of 
Phases, 
sec
cd 10.64 245.05 .18 .22 1.58
ab 12.91 246.63
cd 10.62 248.15 18.51 2.31
ab 12.89 250.46
cd 10.44 275.08 21.06 8.02
ab 12. 68 283.10
ef 9.36 267.02 21.62 0.59
cd 10.25 267. 61
ef 9.30 277. 29 22.72 1.54
cd 10.18 278.83
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respectively ,and  the phases a re  separated  by 1.01 seconds. However, if a 
f i r s t  phase of p a ram ete r 10. 62 sec /deg  is observed from  an event at a depth 
of 120 km, the second a rriv a l has a p a ram eter of 12.89 sec /d eg  and a rriv e s  
2. 31 seconds la te r . The focal depth alone causes a re la tive  displacem ent of 
the two phases, re la tive  to a fixed dT/dA  for the f ir s t  a rr iv a l, of 1 .3  seconds. 
This also m eans that the c ro ss-o v e r point with respec t to the surface  to 
surface  d istance for branch cd is reduced by 0 .5° from  19.3° to 18 .8°. If 
a s im ila r  calculation is perform ed for an event at a depth of 300 km, the 
re la tive sh ift of the two phases associated with the 630 km discontinuity ,at a 
distance of 24° -  25° is negligible (about 0.1 seconds). This will not be true 
for an event occurring  well below the 410 km discontinuity.
This discussion gives r ise  to two ideas which have not yet 
been fully investigated. It is suggested that this focal depth effect which 
resu lts  in a re la tive  shift of the different branches of the dT/dA  curve could 
in principle be used to reso lve the fine details of upper m antle s tru c tu re , 
provided that accura te  focal depth and epicentre determ inations can be obtained. 
This phenomenon will be p articu la rly  significant fo r events occurring  just 
above one of the upper m antle d iscontinuities. In addition, for an event at a 
depth ju st below the 410 km discontinuity and at such a d istance from  a rec o rd ­
ing station that the ray  path reaching the surface leaves the source horizontally  
o r  alm ost horizontally , only the branch cd will be seen . If there  a re  two d is­
continuities at a depth close to 400 km ,it might be possible to see branch pq 
as a f ir s t  a r r iv a l by choosing an event at the right focal depth and epicentral 
d istance from  WRA. Banda Sea earthquakes could well provide the required  
inform ation. These ideas a re  unfortunately difficult to apply in p rac tice , 
since reasonably  accura te  upper m antle velocities a re  requ ired  before accurate  
earthquake locations and focal depth determ inations can be obtained.
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DENOTES EPICENTRES
Figure 6.1 D istribution of ep icen tres  of earthquakes at co rrec ted  d istances 
between 27.9° and 42 .0° from  WRA.
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CHAPTER 6 
THE LOWER MANTLE
PART 1: THE REGION BETWEEN 700 KM AND 1000 KM (28° < A^ 42°) .
6.1 INTRODUCTION.
Perhaps the m ost in teresting  and at p resen t the m ost con troversial 
p a rt of the m antle is the region between depths of 700 km and 100 0 k m .E arth ­
quakes have not been recorded below about 700 km, and evidence from  nuclear 
explosion studies suggests that the m antle has become com paratively homo­
geneous at depths of around 800 km. M oreover, it is certa in  that there  is an 
anomalous region close to 800 km, and explanations of its nature given in 
recen t a rra y  investigations a re  in conflict. Johnson (1969) finds rapid increases 
in P velocity n ea r 830 km and 1000 km, and Corbishley (1970) an increase  
between 850 and 900 km . Chinnery and Toksöz (1967) and Greenfield and 
Sheppard (1969), however, favour low velocity gradients o r possibly a decrease  
in P velocities with increasing  depth n ear 800 km . Evidence that the second 
in terpreta tion  is m ore probable was advanced by the w rite r  (W right, 1968). 
Conventional trav e l-tim e  investigations and amplitude studies have also 
suggested the p resence  of anomalous regions between 700 and 1000 km .
Bugayevski (1964) has presented evidence of a discontinuity in the trav e l-tim e  
curve at 36° -  37° suggesting a low velocity zone at a depth  of about 900 km. 
Evidence fo r increased  curvature in the trav e l-tim e  curve near 40° indicating 
rapid changes in P wave velocity at a depth close to 1000 km has been put 
forw ard in the nuclear explosion studies of C arder (1964) and Archam beau et 
al. (1969). G utenberg (1959, p. 95) found a minimum in the P amplitude curve 
close to 35°. Since, over a lim ited  distance range,the amplitude is proportional 
to \/ |d ^ T /d A ^ | , a flattening of the dT/dA  curve should coincide with a m ini­
mum in the am plitude curve,unless the f ir s t  a rr iv a l corresponds to two o r m ore 
closely spaced branches of the dT/dA  curve. C arpen ter, M arshall and Douglas
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(1967), however, found a sharp  peak in the am plitude curve between 33° and 
36° followed by a slight minimum between 36° and 39°.
In view of the outstanding in te re s t of the region of the dT/dA  
curve between distances of 30° and 40° and the sm all amount of data over this 
d istance interval used in o ther a rra y  stud ies, well over one th ird  of the low er 
m antle dT/dA  m easurem ents a re  within the d istance range 28° to 42°. Exhaust­
ive dT/dA  m easurem ents from earthquakes of the Caroline and M ariana Islands 
and surrounding regions have been com pared with s im ila r  data from  the 
Solomon, Santa Cruz, New H ebrides and Loyalty Islands regions, and also 
with le ss  copious data from  o ther a re a s . F o r each region o r group of dT/dA  
data in this chapter and in C hapter 7, the co rrec ted  dT/dA  profiles obtained 
by both the p re lim inary  and the refined methods of sections 4. 3 and 4 .4  have 
been d iscussed . In this way any inconsistencies and am biguities in in te r­
pretation  can be dem onstrated, since slightly  d ifferent assum ptions have been 
made in p reparing  the two versions of the co rrec ted  p ro files . There are  
difficulties in the in terpretation  of the data owing to the occurrence of an
apparent increase  in dT/dA  with increasing  d istance beyond 32° for one a z i-
2muth range. F u rther, x te s ts  on the sm ooth curves fitted through the 
dT /dA  values show that for this d istance range, pa rticu la rly  close to 40° , 
the s c a tte r  of the data is much g re a te r  than one would expect if the observational 
points were norm ally d istributed  about the curve . It is not known whether this 
effect is caused la rgely  by the s tru c tu re  near the a rra y  s ite , but some of the 
sc a tte r  can be attributed to complexity in s tru c tu re  at the deepest point 
of the ray  path. Evidence in favour of this in terp re ta tion  is provided by 
dT/dA  values at la rg e r  d istances, which generally  show a little  le ss  sca tte r; 
fu rther, the s c a tte r  appears to be concentrated into specific distance ranges. 
Thus, in this chapter and in C hapter 7, la rge  s c a tte r  has been assum ed to be 
diagnostic of com plexity in the behaviour of the dT /dA  curve due to rea l 
anom alies at g rea t depths, unless supplem entary evidence suggests an a lte r ­
native explanation.
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a) Preliminary Data denotes standard errors in 
summary points
(b) Refined Data
A ,deg
Figure  6. 2 Corrected dT/dA data for f irs t  a r r iv a ls  from earthquakes of the
M ariana and Caroline Islands and surrounding regions. Triangles 
.denote f i r s t  a rr iv a ls  not used in fitting the smooth curves; open 
c irc les  and triangles denote data from events at depths g rea te r  
than 130 km.
C
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Using sim ple ray theory, sev era l velocity models that might 
explain the observed distribution of dT/dA  values fo r specific distance ranges 
have been presented; these models contain low velocity lay ers  at depths 
close to 800 km, but the resu lts  can be applied to s im ila r  anom alies at g re a te r  
depths. F inally}evidence for regional d ifferences in s tru c tu re  and possible 
petro logical and tectonic im plications have been d iscussed .
6-2 DATA FROM REGION C: EARTHQUAKES OF THE MARIANA AND
CAROLINE ISLANDS AND SURROUNDING REGIONS.
AZIMUTH RANGE 9 .9° TO 25.6° . (See F igure 6.1 and Appendix 2).
The two dT/dA  profiles shown in F igure 6. 2 a re  from  (a) groups 
2A and 2B of Table 4.1, and (b) profile 2R of Table 4 .5 . There a re  two 
im portant d ifferences in the methods of co rrec tin g  the data. In the p re lim in ­
a ry  work, owing to the increase in the m easured  values of dT/dA  between 
about 31.8° and 34 .1°, the data w ere co rrec ted  in two separa te  d istance ranges: 
31.8° to 37.5° and 39.2° to 46 .4° . In the final analysis the data w ere co rrec ted  
to f ir s t  o rd e r using an average s tru c tu re  for the d istance range 32. 6° to 4 7 .9 ° . 
Also events 39, 41 and 42 have been placed in profile 4 of Table 4 .5 , since 
the opposite sense of the azimuth anom alies fo r these th ree events shows that 
they have been affected by a ra th e r  d ifferent local s tru c tu re  (see also section 3. 2 
and Table 3 .1). However, the m ost im portant difference between the two p ro ­
files of Figure 6«, 2 is in the d istance interval 37° to 39°. All the original 
dT /dA  m easurem ents for region C a re  system atically  too la rg e , and the 
co rrection  for group 2A of the p re lim inary  dT /dA  curve is 0.1 sec /d eg  g re a te r  
than for group 2B. Therefore the final dT/dA  profile is s teep e r than the p re ­
lim inary  profile between about 36° and 40°. O therw ise there  is little  difference 
between the curves p repared  by the two m ethods. It should be rem arked  that 
the dT/dA  data of Figure 6 .2  (b) have not been co rrec ted  in the sam e m anner 
as the data of F igure  1 of W right (1968). N evertheless, the differences in the 
co rrections a re  quite sm all. The values of dT /dA  show considerable sc a tte r , 
especially  beyond 40°, which is reduced when the deeper focus events a re
F
igure 6.3 
J-B
 residuals for events used in W
right (1968).
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rem oved. The general s im ila rity  of the carves of F igure 6. 2 indicates that 
the s c a tte r  does not appear to be significantly azim uth dependent. The rem ark ­
able feature of the resu lts  is that dT/dA  in creases  with increasing  distance 
from  32.8° , reaching a maximum at about 34.1°; then dT/dA  s ta r ts  to 
d ecrease  again beyond 35°. The effect of c ru s ta l co rrections on the maximum 
in the dT/dA  curve is negligible. Thus there  is an anomalous region of tra v e l­
tim e gradients betw een 32.8° and 35 .0°. The im portant consideration is that 
if dT/dA  increases with increasing distance the H erglotz-W iechert method of 
deriving velocity-depth distributions breaks down. There is no positive 
indication that the increase is due to s tru c tu re  n ear the a rra y  s ite .
P rovisional In terp reta tion . The f ir s t  attem pt to explain the data 
of F igure 6 .2  was published by W right (1968), and the basic idea is as follows.
If the dT/dA  curve flattens over a lim ited distance range, it is c lea r  that the 
P wave velocity m ust e ith e r increase very  slowly o r  d ecrease  slightly with 
increasing  depth. F u rther, if the velocity in c reases  with depth continuously 
and sufficiently rapidly, r /v  increases with depth (where r  is the d istance from  
the cen tre  of the earth  and v the velocity), and the H erglotz-W iechert method 
form ally  breaks down. It thus appears that the increase  in dT/dA  with in c re as­
ing distance can be in terpreted  in te rm s of som e kind of low velocity lay er close 
to 800 km . Dowling and Nuttli (1964) have indicated that a significant low velocity 
la y e r may m anifest itse lf e ither as a shadow zone o r as an overlap of two distinct 
branches of the T-A  curve. The deviations of the trav e l tim es from  the J-B  
tim es a re  shown in Figure 6. 3. There is certa in ly  no definite evidence of a 
b reak  in the trav e l-tim e  curve, although th ree  events close to 33° have late 
a rr iv a ls  with re sp ec t to J-B , whereas all o thers at d istances le ss  than 40° tend 
to a rriv e  ea rly . Each event between 32° and 36° was exam ined for second 
a r r iv a ls . Three events showed what might be a second a rr iv a l about two seconds 
a fte r  the P onset.
In o rd e r to explain the increase in dT /dA  , together with the absence 
of any significant change in J-B  residual o r any second a rr iv a ls , it is f ir s t  a ssu m ­
ed that the ra te  of increase of velocity with increasing  depth below the low velocity
I1 iguie 6.4 
Sketch ot 
I-A
 curves for a w
edge-shaped low
 velocity layer near 800 km
that becom
es thicker as the distance from
 the recording station increases.
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la y e r  is sufficiently g rea t to cause two overlapping branches of the T-A  curve. 
Following Dowling and Nuttli, the trav e l-tim e  curves fo r low velocity layers  
of differing thicknesses would appear as in F igure 6.4 , where lines A and D 
correspond  to the thinnest and thickest lay e rs  respective ly . Now suppose 
that the low velocity lay er near 800 km becom es th icker towards the north .
Then the trave l tim es between 32° and 36° might appear as shown by points 
1 to 6 in Figure 6 .4 . From  Figure 6.2(b) the increase  in dT/dA  between 32.6° 
and 34.1° is about 0.26 sec /d eg  spread over 1 .5°; for sim plicity  this increase  
is taken as the maximum possible value, 0. 3 sec /d eg . Assum ing this occurs 
over the d istance interval represen ted  by points 1 to 4 in Figure 6.4, the 
total offset of the trav e l-tim e  curve between point 4 and the continuous curve 
XYZ is le ss  than 0.45 sec . Between points 4 and 6, dT/dA  s ta r ts  to decrease  
again in the norm al fashion. Note that the slope at any point on line D is le ss  
than that of the tangent at Y. Let the J -B  residual a t Y be t. Between 32. 6° 
and 34.3° the J-B  dT/dA  curve d ecreases by only 0.08 sec /d eg  (see F igure 1 
of W right, 1968). Then at point 4 in F igure 3, the J-B  residual will be le ss  
than t + 0. 6 sec . Thus the increase in dT /dA  found by the a rra y  m easurem ents 
is fa r  too sm all to be detected by m easuring  trav e l tim es. It appears that the 
low velocity lay er responsible for these re su lts  is e ith e r very  thin o r involves 
a fa irly  sm all velocity decrease ; fu rther, the increase  in dT/dA  with in c re a s ­
ing distance is adequately explained if the lay er becomes th icker towards the 
north . The ray  paths for different form s of low velocity lay e r can be complex, 
and before considering a lternative explanations of the increase  in dT/dA  with 
increasing  distance, it is im portant to examine the T-A  and dT/dA  curves 
produced by low velocity layers  at depths of about 800 km .
6 .3  T-A AND p-A  CURVES FOR LOW VELOCITY LAYERS.
Some tim e a fte r the publication of my evidence for a slight low 
velocity zone n e a r 800 km, two dT/dA  curves showing a flat region beyond 30° 
w ere published by G reenfield and Sheppard (1969). M oreover, one of these
curves increases slightly with increasing  distance, thus giving strong support
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fo r the idea that the apparent increase  in dT/dA  with increasing  distance was 
caused by s tru c tu re 'a t  the deepest point of the ray  p a th . In addition, no 
in c rease  o r  d ecrease  in dT/dA  was found between distances of 30.9° and about 
33° fo r P a rr iv a ls  from  earthquakes to the eas t of WRA. T herefore it was 
im portant to look fo r an explanation of an increase  in dT/dA  that does not 
invoke the ra th e r  a rtific ia l postulate of a lay er that is of variab le  th ickness. 
Consequently, a detailed  investigation of possib le ray  paths fo r different form s 
of low velocity la y e r n ear 800 km was undertaken using com puter program m e 
ZCW101C6 described  in C hapter 4. Before the w idespread use of high speed 
digital com pu ters5the only type of low velocity la y e r  d iscussed  in seism ological 
li te ra tu re  was one that produced a shadow zone. Dowling and Nuttli (1964), 
however, showed that a low velocity lay e r need not produce a shadow zone, but 
could produce two (or three) overlapping branches of the T and dT/dA  curves, 
provided that the ra te  of increase of velocity below the low velocity  lay er was 
sufficiently la rg e . My own exam ination of the problem  of low velocity lay ers  
has not only dem onstrated  that there  a re  im portant form s of the T-A  and 
p-A  curve that had not been considered previously, but has also enabled an 
explanation of an apparent increase  in dT/dA  to be provided.
The procedure was as follows. The velocity  d istribution  given 
at 5 .0  km in te rva ls  in the 1968 Seismological Tables for P Phases was 
pertu rbed  by in serting  low velocity lay ers  of d ifferent kinds, in each case 
s ta rtin g  at a depth of 800 km. This a t f ir s t  requ ired  the introduction of f ir s t  
o r  second o rd e r  d iscontinuities at two o r  th ree depths. These tr ia l  models 
w ere used to give T -A  and p-A  curves, and if these curves w ere of in te re s t t 
the unwanted d iscontinuities w ere rem oved by smoothing the pertu rbed  portion 
of the velocity m odel on to the unperturbed portion by fitting a Lagrange in te r­
polation polynomial through selected  points on e ith e r side of the contact.
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Table 6 .1 . P aram eters  of Earth  Models Incorporating a Low Velocity
Layer at a Depth of about 800 km . (Velocities above 780 km 
are  those of the 1968 Seism ological Tables for P P hases).
P-Wave V elocities, k m /sec
Case 1 Case 2 Case 3 Case 4 Case 5
Depth,
km
11.0455 11.0455 11.0455 11.0455 11.0455 785.0
11.0561 11.0561 11.0561 11.0561 11.0561 790.0
11.0201 790.0
11.0336 11.0664 11.0666 11.0666 11.0666 795.0
11.0466 11.0766 11.0766 11.0766 11.0766 800.0
11.0000 11.0000 800.0
11.0595 11.0020 11.0566 11.0716 805.0
11.0722 11.0050 11.0366 11.0666 810.0
11.0073 11.0642 812.5
11.0850 11.0105 11.0166 11.0616 815.0
11.0147 11.0590 817.5
11.0976 11.0200 11.0366 11.0566 820.0
11.0557 821.0
11.0548 822.0
11.0248 822.5
11.0539 823.0
11.0531 824.0
11.1102 11.0306 11.0566 11.0523 825.0
11.0516 826.0
11.0543 827.0
11.1163 11.0377 11.0638 827.5
11.0577 828.0
11.0618 829.0
11.1226 11.0464 11.0732 11.0666 830.0
11.0719 831.0
11.0777 832.0
11.1289 11.0571 11.0843 832.5
11.0839 833.0
11.0904 834.0
11.1353 11.0700 11.0966 11.0972 835.0
11.1040 836.0
11.1110 837.0
11.1417 11.0940 11.1097 837.5
11.1180 838.0
11.1480 11.1154 11.1230 11.1316 840.0
11.1380 841.0
11.1442 842.0
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Table 6 
P-W ave V elo c itie s ,
. 1 (Contd) 
k m /se c
Depth,
C ase 1 C ase 2 C ase 3 C ase 4 C ase 5 km
11.1542 11.1341 11.1362 842.5
11.1500 843.0
11.1553 844.0
11.1602 11.1500 11.1486 11.1600 845.0
11.1629 846.0
11.1656 847.0
11.1659 11.1629 11.1587 847.5
11.1681 848.0
11.1704 849.0
11.1715 11.1726 11.1726 11.1677 850.0
11.1746 851.0
11.1765 852.0
11.1781 11.1754 852.5
11.1819 11.1819 11.1819 11.1819 11.1819 855.0
11.1912 11.1912 11.1912 11.1912 11.1912 860.0
11.2004 11.2004 11.2004 11.2004 11.2004 865.0
11.2096 11.2096 11.2096 11.2096 11.2096 870.0
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F ig u re  6 .5  Case 1. Sharp decrease in  v e lo c ity  fo llow ed  by a steady in c re a se .
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Figure  6. 6 Case 2. Sharp d e c re a se  in velocity followed by a rap id  in c re a se  
without f i r s t  o r  second o rd e r  d iscon tinu ities .
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Case 1. (See Figure 6.5 and Table 6 .1 ).
Sharp D ecrease in Velocity Followed by a Steady In c re a se .
A f ir s t  o rd e r discontinuity involving a decrease  in P wave velocity 
of 0.036 k m /sec  has been introduced at a depth of 790 km . The velocities 
beyond 855 km a re  those of the 1968 Seism ological Tables for P P h ases . The 
T-A  and p-A  curves correspond to the case usually d iscussed in the standard  
texts (see for exam ple Bullen, 1963, pp. 117-119, K aula, 196% pp. 83-84) .
T here  is a shadow zone between 31.6° and 33 .3°. There a re  very  low am plitudes 
along the re tro g rad e  branch cd, and a caustic  o r  focus occurs at about 33. 3°. 
T herefore  with th is model it is unlikely that the re tro g rad e  branch will have 
any effect on the observed values of dT/dA  , even though the separa tion  of 
branches cd and de is le s s  than 0 .3  seconds below 35°.
Case 2. (See F igure 6 ,6 and Table 6 .1 ).
Sharp D ecrease in Velocity Followed by a Rapid Increase without F ir s t  o r 
Second O rder D iscontinuities.
At 800 km there  is a sharp  decrease  in P wave velocity  of 0. 0766
k m /sec , and the subsequent ra te  of increase  is g re a te r  than in Case 1; JL
v d r
reaches -  4. 8 between 835 and 837.5 km. This has the effect of pulling the
re tro g rad e  branch cd back towards ab, so that there  a re  th ree overlapping
branches of the T -A  and p-A  curves. Consider the p-A  d iag ram . Branch ab
ends at 32. 3° at which the corresponding ray  of p a ram ete r 8.779 sec /d eg
penetrates to a depth of exactly 800 km. Then as p decreases  fu rth e r there
is a re tro g rad e  branch cd extending back to 32 .0°. The m ost im portant fea tu res
2 2a re  the la rg e r  am plitudes (higher d T /d  A ) of the re tro g rad e  branch cd in 
com parison with de between 32.0° and about 34.5° , and the sm all separation  
of branches cd and de (less than 0. 3 seconds between 31.5° and 34 .7°). Thus, 
if such a low velocity lay er existed in the earth , the re tro g rad e  branch would 
contribute appreciably  to the m easured  value of dT /dA  for the f ir s t  a r r iv a l.
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F ig u re  6 .7  Case 3. Sharp decrease in v e lo c ity  fo llow ed  by a constant v e lo c ity  
w h ich  ends w ith  an ab rup t in c re ase .
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F igu re  6 .8  Case 4. Second o rd e r  d iscontinuity  a t 800 km . Rate of d e c re a se  of 
velocity  above the c r i t ic a l  ra te  followed by fa ir ly  rap id  positive 
velocity  g rad ie n ts .
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F igure 6.9 Case 5. As for case 4 except that the ra te  of decrease  of velocity 
is below the c ritic a l ra te .
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In addition, the offset between branches ab and cd o r de is about 0. 6 seconds, 
and therefo re  the two a rriv a ls  would be difficult to separatee
Case 3. (See Figure 6.7 and Table 6 .1 ).
Sharp D ecrease in Velocity Followed by a Constant Velocity which Ends 
with an Abrupt In c rease .
This model, which has a sh arp  velocity decrease  of 0.0766 
k m /sec  at 800 km and a sharp  increase of 0.1726 k m /sec  at 850 km, is s im ila r  
to those d iscussed  by Dowling and Nutt-1 i (1964). It yields the two overlapping 
branches of the T-A  and p-A  curve between d istances of 30.9° and 32. 3° that 
w ere invoked to explain the apparent increase  in dT/dA  n ear 33°. The offset 
between branches ab and de is about 0. 9 sec at 32. 2°. It is worth noting that 
a re tro g rad e  branch ex ists , but only between d istances of 45 .4° and 4 4 .3 ° .
Case 4. (See F igure 6.8 and Table 6 ,1 ).
Second O rder Discontinuity at 800 km . Rate of D ecrease of Velocity 
above the C ritica l Rate Followed by F a irly  Rapid Positive Velocity 
Gradients .
The T-A  and p-A  curves a re  basically  no different from  those 
of Case 2. With the p a ram ete rs  chosen, the caustic  occurs at 32 .9°. Thus 
th e re  is a slight shadow zone extending over a d istance of 0. 6°. If such a 
shadow zone rea lly  ex ists  near 33° it would be difficult to identify. As in 
Case 2 the am plitudes along the re tro g rad e  branch predom inate between the 
caustic  and about 34 .5°.
Case 5. (See Figure 6.9 and Table 6.1).
As fo r Case 4 except that the Rate of D ecrease of Velocity is below the 
C ritica l R ate .
Although there  is never a break  in the T-A  o r p-A curves, 
the am plitudes on the forw ard branch be a re  so sm all that no detectable waves 
beyond 32.3° a re  likely to be produced,except ve ry  close to the point c at 4 3 .4 ° . 
The re tro g rad e  branch ends at 32. 5°. O ther fea tu res of the curves a re  s im ila r
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to C ases 1 and 4. The T-A curve shows a trip lication ,and  is therefore  funda­
m entally  no different from  the case of an in crease  in velocity gradients without 
a low velocity lay er.
There a re  two reasons for presenting  these velocity models 
a t th is stage . F ir s t ,  these models incorporating low velocity lay ers  produce 
two o r th ree  branches of the T-A  and p-A  curves that a re  separa ted  by le ss  
than one second over the distance range of in te rest; thus if such low velocity 
lay ers  rea lly  ex ist,the  individual branches could not be resolved by visual 
exam ination of norm al seism ogram s. F u rth er, it has been shown that the 
re tro g rad e  branches produced can e ith e r m ask o r be indistinguishable from  
the forw ard branches that are  theore tically  the f ir s t  a r r iv a ls . Secondly, the 
re su lts  show that the T-A  and p-A  curves fo r possible velocity anom alies in 
the earth  a re  m ore closely re la ted  to one another than the standard  lite ra tu re  
on seism ic  ray  theory  would lead one to believe. The T-A  and p-A  curves 
of F igures 6.5 to 6 .9  can all be regarded  as varian ts  of a single standard 
velocity anomaly -  the trip lication  produced by rapid  in c reases of velocity 
g rad ien ts. The low velocity lay ers  involving sharp  velocity d ecreases  or 
ra te s  of decrease  of velocity above the c ritic a l ra te  yield T-A  and p-A  curves 
whose form s can be obtained m erely  by rem oving portions of the standard 
p-A  and T-A  curves fo r a  significant increase in velocity g rad ien ts.
This phenomenon is illu stra ted  by the sequence of p-A  and T-A  curves of 
F igure 6.10. It is considered im portant to look at the problem  of velocity 
anom alies in this way fo r the following reasons; f ir s t  the gradual transition  
from  Case 1 of F igure 6.5 to the standard  trip lica tion  of Figure 6.10 then 
becom es apparent, and secondly, there  is evidence that the type of velocity 
anomaly occurring  in the low er m antle is in term ediate between these two 
ex trem es. Thus the dT/dA  data d iscussed  in this chapter and in Chapter 7 
need to be considered in te rm s of p a irs  of anom alies: low velocity gradients 
followed by high velocity  gradients o r abrupt velocity  in c rease s .
179.
-  denotes low amplitudes
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A sequence of T-A and p-A  curves to Illu stra te  the gradual change in form  
of these curves as the p a ram ete rs  of the velocity anom alies responsible 
a re  v a ried , v denotes velocity and h depth. The corresponding points 
on successive T-A  and p-A  curves a re  denoted by the le tte rs  a, b, c 
and d. The six cases considered a re  as follows :
1. High velocity g radients.
2. Sharp increase in velocity.
3. Low velocity lay er. Rate of decrease  below c ritic a l ra te  followed
by rapid increase .
4. Low velocity lay er. As for (c) but decrease  sharp  o r above the
critica l ra te .
5. Low velocity lay er. Sharp decrease  in velocity o r ra te  of decrease
above the c ritica l ra te  followed by a sharp  in c rease .
6. Low velocity lay er. Sharp decrease  in velocity o r ra te  of decrease
above the c ritica l ra te  followed by a gradual in c rease .
Table 6. 2. P a ram e te rs  of a Velocity Model that Will P a rtly  Explain 
the Increase in dT/dA  Shown in Figure 6 .2 .
Velocity,
k m /sec
Depth,
km
11.1200 790.0
11.1334 797.1
10.7098 797.1
10.7910 800.0
10.7915 805.0
10.7921 810.0
10.7931 817.5
10.7951 827.5
10.7981 837.5
10.8031 845.5
10.8190 850.5
10.8890 855.5
10.9690 859.5
11.0440 864.5
11.0940 870.5
11.1390 876.5
11.1820 882.5
11.2140 887.5
11.2440 892.5
11.2663 897.5
11.2773 905.0
All velocities above 790 km and below 905 km correspond 
to those of model ANUW1 given in Table 8 .1 .
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Figure 6.11 T-A and p-A  curves for a velocity model that will partly  
explain the dT /dA  data of F igure 6.2 .
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F ig u re  6 .1 2  D ia g ra m  to show how an apparent increase  in d T /d A  can be
produced nea r 32. 8 °. Dotted lin e  shows how a sm ooth  cu rve  
th rough  observed d T /d A  va lues m igh t appear.
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6. 4 DATA FROM REGION C: A POSSIBLE VELOCITY MODEL .
A velocity model that will explain an observed in crease  in 
dT /dA  has been constructed in the following way. A low velocity zone sta rtin g  
with a f ir s t  o rd e r discontinuity at 797 km has been inserted  into the p re lim in ­
a ry  velocity model ANUW1 (see C hapter 8) in the sam e m anner as the low 
velocity  lay e r m odels d iscussed  in section 6. 3 . The param ete rs  of this 
model a re  lis ted  in Table 6. 2, and the T-A  and p-A  curves a re  sketched in 
F igure 6.11. T here is a shadow zone between 32.1° and 32.45°. A lso the
a rr iv a l tim es of branches cd and de a re  le ss  than 0 .4  seconds ap art below 35°.
o 2 2Since there  is a caustic at 32.45 , and d T /dA  is la rge  along the re tro g rad e  
branch cd up to about 34.5°, there  will be a tendency for the dT/dA  values 
to be c h a rac te ris tic  of branch cd. Branch de has com paratively low am plitudes 
from  33.3° up to about 34.5° , and consequently will not con tribu te  much to 
the m easured  dT /dA  values. Beyond 34 .5° the m easured  dT/dA  values 
will s ta r t  to d ecrease  rapidly as branch de s ta r ts  to take over from  the 
re tro g rad e  branch . This situation is depicted graphically  in F igure 6 .12. The 
dotted line shows how a smooth curve through the m easured  dT/dA  values 
m ight appear. E r ro rs  in ep icentre determ inations might tend to m ask  the 
shadow zone. There is a steady decrease  in dT /dA  which reaches a minim um  
at about 32 .5°, increases again to a maxim um  at about 34.5°, and then de­
c re a se s  stead ily . This is s im ila r  to what is observed, though the model will 
only give an in c rease  in dT/dA  of about 0 .13 s e c /d e g . The trav e l-tim e  curve 
of F igure 6.11 shows that a significant offset in the travel tim es of 2 .5  seconds 
should occur between about 32° and 32. 5°. Since there  a re  trav e l-tim e  o b ser­
vations for only one event fo r the M ariana Islands region below 32. 6°, such an 
offset m ight ex is t for the M ariana Islands -  Tennant C reek path. The velocity 
model of Table 6. 2 does at le a s t provide an explanation of how an apparent 
in c rease  in dT /dA  can be produced, though a low velocity zone that would 
give an in crease  of 0. 3 sec /deg  would also produce a very  la rg e  anomaly in 
the travel tim es at about 32°. T herefore  the dT /dA  data near 33° from
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Figure  6 .13  C o r re c te d  dT /dA  data  for f i r s t  a r r iv a ls  from earthquakes  of the 
Solomon, Santa C ruz, New H ebrides and Loyalty Islands Region. 
C irc le s  and sq u a re s  denote data  from s t ru c tu re  groups 1 and 2 
re spec t ive ly  of Table 4 .4  (or groups 1A and IB of Table 4 .1 ) .  
T r iang les  denote da ta  not used in fitting the smooth cu rve . Open 
c i rc le s ,  sq u a re s  and tr iang les  r e f e r  to events a t depths g r e a te r  
than 130 km.
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M ariana Islands events cannot be sa tisfac to rily  explained by any sim ple velocity 
m odel.
The smooth curve of F igure 6. 2(b) shows a flat region between 
37. 2° and 38. 2° followed by another plateau region between 40. 6° and 42. 0°.
It is not c le a r  at p resen t whether these anom alies a re  re a l. A num ber of 
dT/dA  values w ere re jected  in fitting the smooth curve (see Table 4. 5) because 
of the very  large s c a tte r  of the data. This s c a tte r  is possibly caused by com ­
plex s tru c tu re  between 850 km and 1000 km. These com plexities may cause 
a num ber of trip lica tions o r duplications of the dT/dA  curve which a re  so 
close together that the m easured dT/dA  values might be ch arac te ris tic  of any 
one branch o r a m ixture of branches, depending on th e ir  re la tive  am plitudes. 
The situation will be fu rther confused by e r ro r s  in ep icentre determ inations 
and in focal depths. It is therefore  not possible at th is stage to identify any 
d istinc t anom alies, but the data do suggest sm all irreg u la ritie s  in s tru c tu re  
between 850 km and 1000 km . Two events, num bers 70 and 71 at d istances of 
40. 6° and 41.2° , show two distinct a rr iv a ls  separa ted  by about 2 seconds; 
in each case  the m easured  dT/dA  value of the la te r  phase is about 5% low er 
than for the f irs t phase. This effect is probably associated  with a sharp  
velocity increase  well below 1000 km, and will be d iscussed  in Chapter 7.
6.5 DATA FROM REGION D: EARTHQUAKES OF THE SOLOMON, SANTA 
CRUZ, NEW HEBRIDES AND LOYALTY ISLANDS REGION.
AZIMUTH RANGE 73.0° to 1 0 0 .8 ° . (See F igure 6.13 and Appendix 2).
The dT/dA  data fall into two d istinct groups: those events at 
azim uths between 73.0° and about 94°, and those between 94° and 100.8°.
A casual glance through the uncorrected  data suggests a sharp  offset in the 
dT/dA  curve near 34 .0°. The events at azim uths south of 94°, however, are 
generally  at la rg e r  d istances. M oreover, in C hapter 3 it was pointed out that 
curious wave form s w ere observed for events with azim uths of a rriv a l between 
about 88° and 100° -  an effect a ttributed  to local s tru c tu re  (see Table 3 .2 ).
It is of in te re st that the d isto rted  a rr iv a ls  a re  observed at azim uths as low as
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88.5°, but th e re  is no sharp  change in dT/dA  until about 94 .0°. W hatever 
the true  cause of these effects, it is very  unlikely that s tru c tu re  near the 
deepest point of the ray  path is responsib le . Event 23 at an azim uth of 94.4° 
and a d istance of 32.7° supports this view; the dT /dA  value for the second 
a rriv a l is close to the values obtained for events at s im ila r  azim uths and 
la rg e r  d is tan ces. The f ir s t  a rr iv a l is sm all and precedes the la rge  second 
a rriv a l by about 1 .5  seconds, and is m ost probably due to a sm all shock 
preceding the m ain earthquake. It could be argued that the second phase is 
a d ifferent branch of the tra v e l- tim e  curve, but this seem s unlikely as a 
s im ila r  effect is not observed fo r o ther events in the sam e distance range.
In co rrec tin g  the dT /dA  data two different approaches have been used, and 
these give slightly  d ifferent re su lts .
When preparing  the p re lim inary  dT/dA  curve the dT /dA data  
w ere sp lit into two groups, 1A and IB  of Table 4 .1 . In group 1A, covering 
the d istance range 27.9° to 34.9° , there  is considerable s c a tte r  of the d a ta , 
suggesting com plexity in the dT/dA  curve. The smooth curve fitted through 
the data is shown in Figure 6.13(a). There is a fa irly  rapid decrease  in 
dT/dA  from  28° to 30°. Beyond 30.6° dT/dA  changes very  little  until 34 .0°, 
when it s ta r ts  to d ecrease  steadily  again. The im portant feature is the flat 
region of the dT /dA  curve over at leas t 3° , indicating very  low velocity 
gradients a t depths of about 780 to 800 km . The dT/dA  values of group IB 
indicate only a v e ry  slight decrease  in dT/dA  between 34.1° and 35.7° , and 
a s tra ig h t line fits the data w ell. The data of both groups 1A and IB, when 
plotted on the sam e graph, reveal a portion of the dT /dA  curve between 
31.0° and 35 .7° over which d^T/dA2 is sm all and negative.
In co rrec tin g  the dT/dA  data by the refined method of section 4 .4 , 
the dT/dA  values w ere once again divided into two groups, and co rrections 
to dT/dA  w ere m ade using the dip vecto r technique described  in C hapter 4. 
R eferring  to Table 4 .4 , for s tru c tu re  group 2, F is h e r ’s ’K’ is only 2.83 so 
that the average s tru c tu re  is not particu larly  useful. F u rth er, the sam e data
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Figure 6.14 Corrected dT/dA data for earthquakes of the Philippines.
Sumatra and o ther regions. Triangles denote data not used 
in fitting the smooth curves. Open c irc les  and triangles  
re fe r  to events a t depths g re a te r  than 130 km.
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which cover a distance range of only 1 .6° gave a correction  to dT/dA  of 
0.152 -  0.090 when co rrec ted  by the p re lim inary  method. Bearing in mind 
that slight irreg u la ritie s  o r regional d ifferences in s tru c tu re  within the low er 
m antle a re  likely to cause perturbations of a standard  trav e l-tim e  curve of 
the sam e o rd e r of magnitude as the random e r ro r s  in the tables them selves, 
the lack of coherence of the dip vectors and the value of the co rrection  quoted 
above indicate that there is no good reason  fo r applying any co rrections at a ll. 
T herefore  the data of group 1 of Table 4. 5 w ere co rrec ted  to f ir s t  o rd e r by 
the vecto r technique, but the data of group 2 of the sam e table were not 
co rrec ted  at a ll. Finally profile 1R of Table 4 .5  was adjusted using a smooth 
curve fitted through the combined data of these two groups. The shape of the 
smooth curve differs slightly from  the p re lim inary  curve. It is flat between 
31.7° and 32.7° , and then becomes re la tive ly  steep  between 32.8° and 33.8°; 
there  is then another plateau region beyond 34 .0° . The steep region between 
32.8° and 33.8° probably rep resen ts  a slight discontinuity between the two 
groups of data due to inadequate com pensation fo r local s tru c tu re . Thus the 
p re lim inary  profile of Figure 6.13(a) seem s to give a b e tte r indication of the 
form  of the dT/dA  curve between 27.9° and 35 .7°, as the steep region of 
F igure 6.13(b) does not appear in other profiles covering the sam e distance 
in terval.
The trav e l-tim e  residuals  of F igure 6. 3 show no evidence 
of a b reak . The seism ogram s w ere in fact examined for d istinct second 
a rriv a ls ; some events showed such a rriv a ls  within two seconds of the P onsets, 
but no coherent pattern  could be detected.
6*6 DATA FROM OTHER REGIONS: EARTHQUAKES OF THE PHILIPPINES, 
SUMATRA AND OTHER REGIONS. (See F igures 6.14 and 15 and 
Appendix 2).
In p reparing  the p re lim inary  dT/dA  curve the rem aining data 
between 27.9° and 42.0° were sp lit into th ree  groups: 3A, 8A and 9 of Table 4 .1 . 
The smooth curve through the data between azim uths of 333.0° and 344.5° shows
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Figure 6.15 C orrected  dT/dA  data fo r earthquakes of the Philippines, 
Sum atra and o ther reg ions. T riangles denote data not 
used in fitting the smooth cu rv es. Open c irc le s  and t r i ­
angles re fe r  to events at depths g rea te r than 130 km.
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a plateau region between 32° and 38°, though the amount of data available is 
very  lim ited (see Figure 6.14(a)). The dT/dA  curve fo r the Sum atra region 
d ecreases  alm ost uniformly between 27.9° and 40 .6° (Figure 6.14(b)). The 
data of group 9 are too sp arse  to w arran t any fu rth e r com m ent.
Before the final dT/dA  curve was p repared  it was noticed 
that the data between azim uths of 333.0° and 344.5° appeared to be affected 
by two different s tru c tu res ; a sharp  break  in s tru c tu re  appears to occur at 
an azim uth close to 338°. Consequently the raw dT/dA  values w ere co rrec ted  
for s tru c tu re  in two groups; these a re  6 and 7 of Table 4 .4 . These groups 
w ere then combined to give profile 4 of Table 4 .5 . Events 210 and 211, from  
azim uths of 147.7° and 168.2° respectively , w ere included in group 7, as 
they seem  to be affected by a s im ila r  s tru c tu re . S im ilarly , for group 6, 
events 39, 41, and 42, at azim uths between 9 .9° and 11.8° , w ere used in 
deriving the co rrecting  s tru c tu re . In fitting the sm ooth curve for profile 4, 
event 210 was re jected  because it appeared to be inco rrec tly  adjusted for local 
s tru c tu re . The smooth curve through this data (Figure 6 .15(a))shows a flat 
region between 31° and 36° in excellent agreem ent with the p re lim inary  curve 
of Figure 6.13(a). dT/dA  subsequently d ecreases fa irly  rapidly beyond 36°. 
This curve is c learly  an im provem ent on that of F igure 6.14(a). As dT/dA  
rem ains constant over a d istance range of about 3°, the data imply a sligh t low 
velocity lay er. The w esterly  profile 9 of Table 4. 5 and F igure 6.1 5 (b) gives 
an alm ost uniform decrease  in dT/dA  very  s im ila r  to that of Figure 6.14(b) 
p repared  from  s im ila r  raw  data. Owing to the paucity of data, the final 
co rrec ted  dT/dA  values for both profiles 4 and 9R, excluding events 39, 41,
42 and 210, have been combined to yield an average profile rep resen ta tive  of 
the m antle to the northwest of A u stra lia . The re su lts  a re  plotted in Figure 
6 .15(c), and the sum m ary points a re  lis ted  in Table 4. 7; there  is a flat region 
of the smooth curve between 31.5° and 35 .0°.
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f ig u re  6.16 R esiduals ol all events a t d istances between 27.9° and 45° re la tive  to 
the 1968 Seismological Tables for P P hases, with the effects of local 
s tru c tu re  removed as indicated in section 3 .4 .
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6.7  TRAVEL-TIME RESIDUALS.
The travel-tim e residuals for th ree  azim uth ranges have been 
plotted in F igure 6 .16. These residuals have been obtained by taking the 
residuals re la tive  to the 1968 Seism ological Tables for P Phases and co rrecting  
fo r local s tru c tu re  using equation A 4.13. Thus the quantity 
A. + D. ( Aj -  27.9) + B. sin ( <f>+ E. ) has been subtracted  from  each residual 
using the values of A. , B. , D. and E. given in the second line of Table A4.10; 
i and j have the sam e meaning as in equation 3 .12 . The data inevitably show 
g rea t sc a tte r , but it is evident that any offset in the trav e l-tim e  curve between 
about 30° and 40° is le ss  than one second, though it has been pointed out e a r lie r  
that a la rg e r  offset could exist fo r events from  the M ariana Islands region at 
d istances le ss  than 32. 6°.
6 .8  DISCUSSION.
dT /dA  m easurem ents from  earthquakes of th ree  separa te  
regions have shown that the dT/dA  curve is in each case very  flat between 
distances of about 31.5° and 36 .0°. It is therefo re  v irtually  certa in  that there  
is a world wide region of low velocity gradients, possibly including a low velocity 
lay er, at a depth of about 800 km . Although g rea t difficulties have been encoun­
te red  in co rrec ting  the data for local s tru c tu re , the shapes of the dT /dA  curves 
for events firs tly  to the eas t of WRA and secondly in the north w est quadrant 
re la tive  to WRA, a re  in good agreem ent. F u rther, the dT/dA  data from  the 
M ariana Islands and surrounding regions suggest a prom inent low velocity  zone 
a t a depth of approxim ately 815 km .
A com parison of my own re su lts  with those of o ther recen t 
a rra y  investigations is appropriate at this juncture . In th e ir  study of P wave 
velocities in the m antle below 700 km, Chinnery and Toksöz (1967) found 
evidence fo r an anomalous region of the m antle at a depth of about 800 km , 
w here the velocity changes slowly with depth. They rem arked  that the p re lim ­
inary evidence available suggests that the velocity d ecreases with increasing
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depth. T he ir dT/dA  curve flattens close to 32°, but they had no good data 
between about 32° and 37°. Chinnery (1969), in his study of P wave velocities 
in the low er m antle using the LASA in Montana, found that the dT/dA  values 
between 25° and 30° decreased  very  little , but between 37° and 40° they 
decreased  much m ore rapidly. The flat region of his dT/dA  curve im plies 
a region of the m antle where the velocities change very  slowly with depth.
Chinnery was not able to determ ine the exact form  of the anomaly owing to the 
shortage of data between 30° and 37°, but his evidence, as fa r as it goes, is 
in excellent agreem ent with m ine. Greenfield and Sheppard (1969) obtained 
dT/dA  curves for both NW and SE azim uths over the distance range 30° to 100°, 
again using the LASA. in Montana; both curves show a flat region beyond 30°. 
Johnson (1969), in his study of P velocities in the low er m antle using the 
extended TFSO, found steep regions of the dT/dA  curve near 34.5° and 40 .5° .
The f ir s t  of these was poorly defined. The offset at 40w is not well supported 
by my data o r by any o ther a rra y  study, though it is evident in my work that 
between 37° and 42° the dT/dA  curve is com paratively  steep . This point will 
be d iscussed  fu rth e r in Chapter 8. It is of som e in te re s t that Johnson 's anomaly 
at 40 .5° occurs exactly  where there  is a regional break  in his dT/dA  data from  
the southeast quadrant to the northw est quadrant. It is thus suggested that 
the anomaly, though it may well ex ist, has been exaggerated by inadequate 
allowance for local s tru c tu re  for the two azim uth ranges. The slight anomaly 
near 34.5° detected  by Johnson may be due to the com paratively  rapid increase  
in velocity below the low velocity gradients in ferred  in this chap ter. Conse­
quently it seem s that due to the re la tive ly  sm all amount of data near 35° ,
Johnson has not been able to identify the region of low velocity g rad ien ts. F u r th e r , 
if a low velocity  zone of the kind suggested in section 6 .4  rea lly  ex ists , it is 
unlikely that it could be identified easily  by an a rra y  300 km in ap ertu re .
R eferring  to F igure 6.12, with a la rge  ap ertu re  a rra y , dT/dA  would effectively 
be averaged over nearly  3°, so that between 31° and 35° only a general flattening 
of the dT/dA  curve would be observed; the de tails , such as the increase  in dT/dA  
along the re tro g rad e  branch, would be lo s t. It m ust, however, be s tre sse d  
that an in crease  in dT/dA  , w hatever its cause, is p resen t in one of
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F ig u re  6 .17  D is tr ib u tio n  o f e p icen tre s  o f events used by W rig h t (1968).
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the dT/dA  curves of Greenfield and Sheppard (1969),.
Having identified a region at a depth of about 800 km where it 
is likely that there  is a low velocity zone, it is im portant to find a plausible 
explanation. M oreover,the dT/dA  data from  earthquakes of the M ariana 
Islands region do suggest that such a low velocity lay e r may be m ore prom in­
ent in some parts  of the earth . This consideration m akes it reasonable to 
ask w hether there  may be some feature o r  c h a rac te ris tic  pecu liar to the 
M ariana Islands -  Tennant C reek path. The possib ility  that the different form  
of the dT/dA  curve for the M ariana Islands events is caused by irre g u la ritie s  
in the c ru s t o r upper m antle m ust not be overlooked. There is, however, 
som e petrological evidence outlined below which m ight eventually support the 
idea that regional differences in s tru c tu re  at depths of 800 km rea lly  ex ist.
There a re  two well known causes of low velocity lay ers  that 
need to be considered. F irst,low  velocity zones can be produced by high 
tem peratu re  g rad ien ts. Increases in tem pera tu re  and p re ssu re  produce de­
c re a se s  and increases in seism ic  velocities respective ly . Thus if the 
tem pera tu re  effect predom inates a low velocity lay er might occur. F u rth er, 
if pa rtia l m elting occurs a decrease  in P and S wave velocities is ex trem ely  
likely . N either of these two explanations o r a combination of them  is plausible 
at a depth of 800 km (see,fo r exam ple, Stacey, 1969, pp. 258-261). Another 
possible explanation would be a rapid increase  in the iron to m agnesium  ra tio , 
which is again very  unlikely owing to the requ ired  density in c rease . So a 
le ss  obvious explanation m ust be sought.
The P waves from  the M ariana Islands earthquakes at d istances 
of 32. 6° to 33.0° reach th e ir maximum depth im m ediately below the no rthern  
edge of the C entral Highlands of the island of New Guinea (Figure 6.17).
Ringwood and Green (1966), on the basis of experim ental work on the gabbro- 
eclogite transition , concluded that eclogite is therm odynam ically stable under 
the P , T conditions in the norm al continental c ru s t, provided the pa rtia l p re ssu re  
of w ater vapour is low. Thus la rg e  c ru sta l intrusions and extrusions of gabbro 
and basalt may ultim ately tran sfo rm  on cooling into bodies of eclog ite . Such
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bodies, if large enough, would subside into the m antle because of th e ir  high 
density; this density is also substantially  g re a te r  than the mean density of 
the u ltram afic upper m antle. So a m echanism  has been proposed by which 
la rg e  blocks of eclogite might be introduced into the m antle, and would s ta r t  
to sink slowly into the deeper regions.
Ringwood (1967, 1969 a, b) has suggested that a pyroxene- 
garnet transition  occurs in the m antle between 350 and 400 km . As a conse­
quence of this transition  an eclogite s inker would continue to fall through the 
m antle as garnetite  to a depth of at le a s t 700-800 km . According to Ringwood, 
w hether these s inkers  subside any fu rth e r depends on the sequence and p roperties 
of o ther phase transitions that a re  not yet well estab lished . It is likely that 
som ew here in this region of the m antle garnet-ilm en ite  o r garnet-perovsk ite  
transfo rm ations take place (Ringwood and M ajor, 1967, Ringwood, 1969a, b), 
though Ringwood (1969a, b) places both transform ations above 700 km . The 
depths of these transfo rm ations, however, a re  not known p rec ise ly . At about 
620 k m , the velocity of P waves increases rapidly (see, for exam ple, Johnson, 
1967, G reen and H ales, 1968, o r C hapter 5 of this thesis). At this depth, the 
beta o r 'sp in e l-lik e ' form  of m agnesian olivine may tran sfo rm  to a m ate ria l 
having approxim ately the p roperties  of the component oxides (Anderson,
1967a), o r  m ore probably to a strontium  plumbate o r  closely re la ted  s tru c tu re , 
(Ringwood, 1969 a, b). A lternatively, the beta phase may d isproportionate to 
an ilm enite-type phase and m agnesium  oxide (Ringwood, 1969a). Provided 
the garnet-ilm en ite  transform ation  occurs below 800 km, the garnetite  blocks 
m ight be expected to accum ulate at a depth som ew here between 620 km and 
800 km o r  so. Anderson (1967a) has indicated that a garnet content of 10% 
below 620 km in the m antle would reduce the P wave velocity by 0. 2 -  0. 6 k m / 
s ec . It appears that a low velocity lay er at a depth of about 800 km could 
re su lt from  an in crease  in garnet content with increasing  depth. Thus it is 
suggested that th is low velocity lay er below New Guinea re su lts  from  the accum u­
lation  of eclogite s inkers  originating in the eugeosynclinal zone to the north.
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Since the publication of this explanation of a low velocity lay er 
at about 800 km (W right, 1968), P re s s  (1969) has suggested that eclogite is 
w idespread at a depth of about 100 km in the suboceanic m antle. He has also 
proposed a m echanism  in which eclogite fractionation from  the underlying 
p artia lly  molten asthenosphere plays a key ro le  in the creation  and the sp read ­
ing of the rigid, lithospheric p late . If this is correct, it seem s m ore likely  
that eclogite sinkers a re  rea l. If the garnet-ilm en ite  o r garnet-perovsk ite  
transform ation  is subsequently found to occur well above 800 km, it is not 
obvious at presen t whether the explanation of the low velocity lay e r is s till 
valid.
A region of low velocity gradients at a depth of about 800 km 
is m ost likely to be explained in te rm s of chem ical inhomogeneity; phase 
changes generally produce sharp  velocity in c rease s . Anderson and Julian 
(1969) have attem pted to reconcile the d iscrepancies between the upper m antle 
P wave velocity model of Johnson (1967) and the S wave velocities of Ibrahim  
and Nuttli (1967). By inserting  a low velocity lay er im m ediately above each 
of the two m ajor discontinuities in the upper m antle, even m ore pronounced 
than those of Ibrahim  and N uttli?s orig inal m odel, they w ere able to make 
the depths of these discontinuities agree m ore closely with those of Johnson "s 
P velocity model. They also point out that B arsch and Anderson, in a 
personal communication to the authors, have recently  suggested that a negative 
dpi/dP im plies an unstable c ry s ta l la ttice , where ju is the rig id ity . T herefore , 
a decrease  in sh ear wave velocity with increasing  depth should occur above 
each phase transform ation  in the m antle . This phenomenon might be expected 
to have some effect on P wave velocities; it is perhaps unlikely that it will 
produce a low velocity  zone, but a general reduction in velocity gradients 
above each phase change in the m antle seem s a d istinct possib ility . This 
point will be ra ised  again when velocity anom alies at g re a te r  depths a re  
d iscussed .
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6 .8  CONCLUSIONS.
Low velocity gradients for P waves at a depth of about 800 km 
in the m antle a re  w idespread. In addition there  is probably a slight decrease  
in P wave velocity with increasing  depth ju s t below 800 km . This decrease  
can be explained in te rm s of the eclogite s in k er model proposed by Ringwood 
(1967); this idea is an extension of the m odification of the ocean floor spreading 
hypothesis of Hess (1962), using the basa lt-ec log ite  transform ation  as a 
tectonic engine, put forw ard by Ringwood and Green (1966). The low velocity 
la y e r is possibly m ore prom inent beneath a tec to n ica lly  active region, though 
the dT/dA  m easurem ents from  northw est azim uths also sam ple the m antle 
beneath an active region (see Figure 6 .1). There is no evidence for a single 
velocity anomaly at about 1000 km depth of the kind suggested by Johnson (1969) 
o r  Archam beau et al. (1969). However, there  is some evidence for m ore 
rapidly changing velocities close to 1000 km which will be d iscussed  in C hapter 8, 
The velocity gradients apparently change slowly, o r  a lte rnatively  there  is a 
s e r ie s  of sm all c losely-spaced  discontinuities between 850 km and 1000 km.
Also a caustic o r focus may have been located at a d istance of 32. 6° , using 
d T /d A  data from  earthquakes of the M ariana Islands region. An apparent 
increase  in dT /dA  can be explained by considering T-A  and p-A  curves for 
sm all low velocity la y e rs .
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CHAPTER 7 
THE LOWER MANTLE
PART 2: 1000 KM TO 2890 KM (42° < A < 9 9 ° ) .
7 . i  INTRODUCTION .
Until recently  there  has been a tendency e ith e r to believe o r 
assum e that the region of the m antle below 1000 km to about 200 km above 
the m an tle -co re  boundary ( i .e . Bullen’s region D' ) is both approxim ately 
chem ically  homogeneous and devoid of phase changes. Bullen (1963, pp. 
229-239), fo r exam ple, has used the assum ption of chem ical homogeneity 
in the D' region to derive both his earth  m odels A and B. Before the develop­
m ent of seism ic  a rra y s  it was not possible to te s t this view owing to the 
lack of resolution obtainable by the conventional trav e l-tim e  method, though 
a num ber of investigators in the past have suggested the existence of ir re g u l­
a ritie s  in the s tru c tu re  of the low er m antle . Gutenberg (1958), using 
am plitude data, has suggested a region between 1400 and 1500 km where the 
velocity in c reases re la tively  slowly with depth. Bugayevski (1964) has put 
forw ard evidence of f ir s t  o rd e r d iscontinuities in the trav e l-tim e  curve near 
50° -  54° and 70° -  72° which he has suggested a re  due to low velocity zones 
at depths close to 1200 and 1800 km. Recent a rra y  studies (Chinnery and 
Toksöz, 1967, Chinnery, 1969, Johnson, 1969, Corbishley, 1970) have also 
suggested the presence of velocity anom alies below 1000km in the m antle, but 
th e re  a re  unresolved d iscrepancies when the re su lts  a re  com pared.
T herefore the objective in this chapter is to exam ine the evidence 
for inhom ogeneities o r d iscontinuities in the m antle below 1000 km without 
com paring the re su lts  with o ther investigations; the approach is to attem pt 
to identify such anom alies by discussing  the data on a regional b a sis . As in 
C hapter 6, each group of data is p resen ted  together with a smooth curve fitted 
by the M ethod of Summary Values. It is s tre sse d  that the p resentation  is
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denotes standard errors in 
summary points
(a) Preliminary Data
(b) Refined Data
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F ig u re  7 .2  d T /d A  data fro m  re g ion  E: az im u th  range 3 42 .9 ° to  357 .8°: 
d is tance  range 4 1 .7  to 53 .3  . T ria n g le s  denote po in ts 
re je c ted  in  f i t t in g  a sm ooth cu rve . Open c irc le s  and tr ia n g le s  
re fe r  to events a t depths g re a te r  than 130 km .
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designed p rim arily  to indicate how the problem  of low er m antle inhomogeneities 
should be approached in the fu ture. Although the re su lts  suggest anom alies and 
possibly even regional differences in s tru c tu re , they a re  not sufficiently detailed 
to make a com pletely rigorous discussion possib le . Owing to the com plexity of 
the observed data and the consequent difficulty of exact quantitative analysis, 
som e of the in terpreta tion  m ust be qualitative. This introduces an undesirable, 
but unavoidable, a rb itra rin e ss  into the in terp re ta tion  of the data.
7 .2  DATA FROM REGION E: EARTHQUAKES OF THE EAST CHINA SEA,
TAIWAN, THE RYUKYU ISLANDS AND SURROUNDING REGIONS.
AZIMUTH RANGE 342.9° TO 357.8° . DISTANCE RANGE 41 .7° to 5 3 ,3 ° .
(See Figures 7 .1 , 7. 2 and Appendix 2).
In the p re lim inary  dT/dA  curve of F igure 7. 2(a) there  is a 
reasonably  steep region between 41 .7° and 46 .7° , followed by a com paratively 
flat region between 47 .5° and 53. 3° , though the amount of data used is lim ited .
It is worth rem arking  that these observations (group 3A of Table 4.1) lie  in 
the sam e azim uth range as the data of group 3C of the sam e table, which cover 
the d istance range 30.1° to 39 .1°. The co rrec tions for the two groups are  
-0 . 672 i  0. 035 and -  0. 643 -  0. 045 sec /d eg  respectively , so that co rrec ting  
the data in two separa te  distance in tervals has not introduced a discontinuity 
into the overall dT/dA  curve.
R eferring  to the refined dT/dA  curve of F igure 7.2(b) (struc tu re  
group 3R of Table 4 .5), five events (Nos. 263-267) have been added which a lte r  
the shape of the curve in the following way. Between 44. 9° and 46 .4° , the 
curve is very  flat; it then falls rapidly between 46 .7°  and 48 .7° and flattens 
again between 49 .0° and 52 .0°. In addition the dT /dA  curve may be d is ­
continuous, the break  occurring  between 47 .2° and 48 .5° where there  a re  
unfortunately no dT/dA  m easurem ents. In p reparing  the smooth curve, two 
of the th ree  dT/dA  m easurem ents from  event 84 a t a d istance of 46. 0° w ere 
much too low, and w ere consequently re jec ted . F u rth e r, this event has a fa irly  
c le a r  P onset, and the dT/dA  values a re  therefo re  re liab le . There a re  two 
possible explanations of this phenomenon. F ir s t  it could be purely an azim uthal
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Figure  7 .3  dT /dA  data  from reg ions C and F: azim uth range 4 .8 °  to 3 0 .1 °  : 
d is tance range 4 1 .2  to 63.9 . T r iang les  denote points re jec ted  
in fitting a sm ooth cu rv e .  Open c i rc le s  and t r ian g le s  r e f e r  to events 
at depths g r e a te r  than 130 km .
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effect, as the event occurs at an azim uth of 352. 0° , and the o ther events at 
d istances between 44. 9° and 47. 2° a re  at azim uths between 344. 3° and 
348.1°. On the other hand the low values of dT/dA  could be caused by confusion 
of two closely  spaced a rriv a ls ; the second a rriv a l would have a com parable 
amplitude and a lower dT/dA  value due to the duplication o r trip lica tion  of the 
dT/dA  curve caused by a sudden increase  in velocity o r velocity grad ien t.
Data from  events of o ther regions d iscussed  in sections 7. 3 and 7 .5  provide 
some support for the second in te rp re ta tion . Unfortunately the apparent break  
in the dT /dA  curve between 47 .2° and 48 .5° coincides with a sh ift in azim uth 
of 8 -  10°. Thus, like the anomalous dT/dA  values fo r event 84, the abrupt 
fall in dT /dA  could be attributed to changes in local s tru c tu re  with azim uth. 
However, there  is independent evidence from  o ther regions, which will be 
described  la te r , that the break  is rea l.
7 .3  DATA FROM REGIONS C AND F. EARTHQUAKES OF THE MARIANA 
AND VOLCANO ISLANDS REGIONS (C); THE BONIN ISLANDS, THE 
JAPAN REGION, THE KURILE ISLANDS, KAMCHATKA AND SURROUND­
ING REGIONS (F).
AZIMUTH RANGE 4 .8 °  TO 16.8°. DISTANCE RANGE 41 .8° TO 80 .1° . 
(See F igures 7 .1 , 7 .3  and 7 .4 , and Appendix 2).
G reat care  needs to be taken in in terp re ting  the data in the 
azim uth range 5° to 20°, owing to the sudden change in the azim uth anom alies 
of P a rr iv a ls  close to 10° (see, for exam ple, Table 3.1 and section 3. 2). On 
examining the raw  dT/dA  data one outstanding feature is apparent. There 
appears to be a sharp  break in the dT/dA  curve near 46° o r 47°, in quali­
tative agreem ent with the re su lts  of section 7. 2. There is, however, a perp lex ­
ing feature; the fall in dT/dA  between 44° and 50° is about 0 .9  sec /d eg . The 
trav e l-tim e  residuals  (see section 7 .7 ) indicate that a rea l break of this 
magnitude is highly improbable; if it w ere rea l a significant anomaly in the 
trave l tim es should be detectable. It therefo re  seem s probable that the observed 
effect is due partly  to a rapid change in s tru c tu re  e ith e r in the c ru s t o r the upper 
m antle in the vicinity of the a rra y . In co rrec ting  the dT/dA  data, the magnitude 
of the possible dT/dA  anomaly m ust be reduced to som e extent.
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To p repare  the p re lim inary  dT/dA  c u rv e , the data w ere sp lit 
into three groups. The f ir s t  group (Figure 7.3) is 2B of Table 4 .1 , for which 
the data corresponding to distances of le ss  than 42° have already been in te r­
preted  in C hapter 6. The group term inates at event 80 at a d istance of 46 .4° .
The sc a tte r  of the data is very  great, but the smooth curve does become very  
steep  between 45. 0° and 46 .4°. The second group (4A of Table 4.1) covers 
the d istance range 47.9° to 59 .5°. The smooth curve through th is dT /dA data  
decreases  rapidly  between 47.9° and 49 .0° , and then gradually  flattens so that 
there  is a com paratively  flat region between about 50 .5° and 57 .0°. Beyond 
57° the curve becom es slightly steeper,though the paucity of data beyond 56° 
indicates that th is is probably insignificant. In the d istance range 50° to 59° , 
the dT/dA  curve has very  little  detail, and it is of som e in te re s t that the sc a tte r
of the data is considerably le ss  than would be expected from  the e r r o r  estim ates 
. 2
in dT /dA . X is only 36.19 on 51 degrees of freedom , but it is unlikely that 
the data a re  undersm oothed. The reason for this is quite c lea r . In calculating 
the standard  deviation on each onset tim e the residuals  on the leas t-sq u ares  
fit to dT/dA  and azim uth for all working se ism om eters  have been used (see 
section 2. 2(i)) . However, the seism om eters  of the red  line tend to show 
la rg e r  res id u a ls , and fu rther, the wave fronts of the P a rriv a ls  fo r earthquakes 
of the Japan region a re  alm ost para lle l to the red  line . T herefore these s e is ­
m om eters co n tribu te  little  towards the dT/dA  values, and th e ir  residuals  will 
cause the e r ro r s  in the dT/dA  m easurem ents to be slightly  o v er-estim ated . 
W hether events 80, 106 and 107, at distances of 46 .4° , 47 .9° and 47.9° 
respective ly , a re  placed in group 2B o r 4A is somewhat a rb itra ry . Events 
106 and 107 w ere included in group 4A when determ ining co rrec tio n s, but in 
p reparing  the p re lim in ary  world average dT/dA  curve they w ere co rrec ted  by 
-  0.829 sec /d eg , the co rrection  to group 2B. This procedure, although u n sa tis ­
factory, was adopted to avoid smoothing out the anomaly, and is ju s tifiab le  
since it is not c le a r  how to sep a ra te  the tru e  anomaly in dT/dA  from  the 
apparent local s tru c tu ra l effect. The uncertainty in the co rrec tions tobe applied 
for these events is indicated in Figure 6. 3(a) by the arrow , question m ark  and
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J denotes standard errors in 
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(b) Refined Data •  Profile 5R 
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F ig u re  7 .4  d T /d A  data fro m  reg ions F and G: az im u th  range 6 .5 °  to 2 5 .6 °:
d is tance  range 63 .9  to 81 .2  . T r ia n g le s  denote po in ts re je c ted  
in  f i t t in g  a sm ooth cu rve . Open c irc le s ,  squares and tr ia n g le s  
re fe r  to events a t depths g re a te r than 130 km .
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two sets  of points. The d a ta  of group 5A of Table 4.1 cover the d istance range 
65.4° to 78.2° (Figure 7 .4 ). The dT/dA  curve shows little  fine s tru c tu re , 
and no d istinct anom alies a re  v isib le . In co n trast to the la rge  difference of 
0 .5  sec /d eg  between the co rrections fo r groups 2B and 4A, the co rrec tions to 
groups 4A and 5A do not differ significantly.
In p reparing  the final rev ised  dT /dA  curve some d istinct 
im provem ents were possible (F igures 6.3(b) and 6.4(b)). F irs t,th e  gap in the 
data between 59.5° and 65.4° was rem oved by the addition of seven events at 
d istances between 57. 6° and 67.0°, and secondly,two ex tra  events at co rrec ted  
distances of 44. 2° and 44. 5° w ere added to the data of region C. There are 
some slight differences in the way the data have been sp lit into groups. F irs t , 
events 106 and 107 w ere included in profile 2R of Table 4 .5 . Also peak B 
of event 80 was co rrec ted  using s tru c tu re  8 of Table 4 .4  in an attem pt to account 
for both the large decrease  in dT/dA  between the two Volcano Islands events,
80 and 262, and the sy stem atic  changes in wave form  as event 80 c ro sse s  the 
a rra y . In profile 5R the data of s tru c tu re  groups 8E and 9E of Table 4. 4 have 
been combined. Since there  is evidence fo r a sharp  change in local s tru c tu re  
at azim uths close to 20° , event 144 at a distance of 80.1° was included in this 
profile because it occurred  at an azim uth of 16 .8°. The final refined dT/dA  
curve for the distance range 41 .8° to 80 .1° shows a few significant featu res 
that w ere not c learly  revealed in the p re lim in ary  cu rves. The steep  region 
between 42. 5° and 46. 5° is followed by a very  flat region around 47. 5°.
Beyond 51° the dT/dA  curve gradually becom es s teep e r up to 56° and then 
p rogressively  becom es f la tte r again. An im portant re su lt is that the refined 
dT/dA  profile 5R does not show any evidence for the anomaly n ear 60° reported  
by Johnson (1969) and Corbishley (1970). There is also a rapid decrease
between the dT/dA  values of regions F and G which shows up c lea rly  at about
o  '80 (Figure 7 .4 ). Evidence presented  in sections 7 .4  and 7. 6 indicate that this
anomaly is probably re a l.
Some im portant clues on the nature of the inhomogeneities in 
the low er m antle between 1000 and 1200 km are  provided by careful consideration
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of the dT /dA  m easurem ents from individual events. F irs t , for events 70,
71, 78 and 79 dT /dA  m easurem ents have been made for d istinct second a rriv a ls  
between 1 .0  and 3. 2 seconds afte r the P onset. In each instance the dT/dA  
values for the second phase a re  low er, suggesting penetration below a region of 
high velocity g rad ien ts. This is additional, but by no m eans decisive, support 
for the ex istence of a rea l anomaly in the dT/dA  curve close to 47°. However, 
events 78 and 79, although they both correspond to a la rg e r  co rrec ted  distance, 
give w ider separations of the two phases than events 70 o r 71. F u rth er, the 
differences in dT /dA  and azim uth for the two phases fo r each event are  due 
large ly  to d ifferences in a rriv a l tim es along the red  line of the a rra y . Thus 
th e ir  origin is uncertain . Events 79, 261 and 262 all give anom alously high 
dT/dA  values for the f ir s t  a rriv a l and a re  all at s im ila r  azim uths, d istances 
and focal depths. This phenomenon could possibly be caused by irreg u la ritie s  
in s tru c tu re  in the source region, though the azim uths of all these events a re  
close to 10° , so that the re su lts  could equally well be re la ted  to those of 
Table 3 .1 . Event 80 is at only a slightly la rg e r  d istance and alm ost the sam e 
azim uth as events 79, 261 and 262, but has dT/dA  values between about 0 .4  
and 1 .0  sec /d eg  low er, in c lo se r agreem ent with the dT/dA  value for the 
second phase of event 79. Thus, fo r all of the data of profile 2R beyond 40°, 
there  is a la rge  s c a tte r  in the dT/dA  values p a rticu la rly  for deep focus events. 
It is possible that in addition to local s tru c tu ra l effects this sc a tte r  is caused 
partly  by the d ifferences in re la tive am plitudes of the m ultiple a rr iv a ls  in the 
vicinity of a cusp, and partly  by irreg u la ritie s  in the source region.
7 .4  DATA FROM REGION G: EVENTS OF THE ALEUTIAN ISLANDS AND
ALASKA REGIONS.
AZIMUTH RANGE 21.4° TO 33.4°. DISTANCE RANGE 79.4° TO 98 .8° .
(See F igures 7 .1 , 7 .5  and Appendix 2).
The p re lim inary  dT/dA  curve of Figure 7.5(a) (see group 6A 
of Table 4.1) d ec rea se s  steadily beyond 80° and gradually  fla ttens, becoming 
very  flat beyond 90°. No distinct anomaly can be detected.
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F ig u re  7 .5  d T /d A  data fro m  reg ion  G: az im uth  range 2 1 .4 ° to 3 3 .4 °: 
d is tance  range 7 9 .4 °  to 9 8 .8 ° . T ria n g le s  denote po in ts 
re je c ted  in f i t t in g  a sm ooth cu rve . Open squares and 
tr ia n g le s  re fe r  to events at depths g re a te r than 130 k m .
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In calculating s tru c tu re  10 of Table 4. 4,the observational points 
used differed from those of the p re lim inary  curve in two re sp ec ts . F irst,ev en t 
144 at an azim uth of 16.8° was placed in region F owing to the apparent sh a rp  
change in local s tru c tu re  between azim uths of about 17° and 20°. Until the 
p reparation  of the refined dT/dA  data, it was not c lea r whether the apparent 
change in s tru c tu re  was rea l, as there  is a b reak  in the data with re sp ec t to 
both azim uth and distance. However, the dT/dA  m easurem ents for event 279, 
at a co rrec ted  distance of 74. 2° and an azim uth of 28. 5°, show conclusively 
that the change in s tru c tu re  is re a l. Secondly,five events at d istances between 
79. 7° and 88. 2° have been used to supplem ent the data. The m ost obvious 
feature is the apparent increase in dT/dA  in the distance range 84° to 88°.
In o rd e r to obtain a physically meaningful dT/dA  curve, some of the points 
have been re jected  so that the smooth curve decreases  monotonically . Initially 
there  is a fa irly  steep region of the curve between 79.4° and 81.5° which 
flattens rapidly revealing a plateau region between 83.0° and about 88°. The 
curve then becom es steep between 90. 0° and 93. 7°. Owing to the sp arsen ess  
of the data beyond 88°, the smooth curve is perhaps m isleading. dT/dA m ight 
possibly fall sharply close to 88°. The apparent increase  in dT /dA  could be 
due to bias introduced near the source o r close to the a rray ; alternatively  
it could be caused by confusion of two o r th ree  branches of the dT /dA  curve 
produced by an anomaly of the kind illu stra ted  in F igures 6.9 o r 6.10(3). The 
la tte r  in terp re ta tion  seem s m ore probable, since the data from  o ther azim uth 
ranges to be d iscussed  in section 7. 6 yield s im ila r  re su lts .
7. 5 DATA FROM REGION H: EARTHQUAKES OF THE FIJI, TONGA AND
KERMADEC ISLANDS REGION.
AZIMUTH RANGE 83. 6° TO 119.5°. DISTANCE RANGE 40.9°TO  50.1 ° .
(See F igures 7 .1 , 7. 6 and Appendix 2).
The difficulties in in terpre ting  dT/dA  data between azim uths of 
about 90° and 100° have been described  in C hapter 3. Consequently no 
dT/dA  values from  this azim uth range have been used in p reparing  the p re ­
lim inary  dT/dA  curve. In Figure 7 .6  (a) co rrec ted  dT/dA  values from  the
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(a) Preliminary Data denotes standard errors in 
summary points
•  Group 7 A 
■ Groups 7B ,C
Refined Data
A, deg
F igu re  7 .6  d T /d A  data fro m  reg ion  H: az im u th  range 8 3 .6 ° to 1 19 .5 ° : 
d is tance  range 4 0 .9 °  to 4 9 .4 ° . T ria n g le s  denote po in ts 
re je c ted  in f i t t in g  a sm ooth cu rve . Open c irc le s ,  squares 
and tr ia n g le s  re fe r  to events at depths g re a te r than 130 km
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troublesom e azimuth range have been included for illustra tive  purposes.
The refined dT/dA  profile of Figure 7. 2(b) was p repared  by taking 
the dT/dA  values of event 38 and those of group 11 of Table 4 .4 , co rrec ted  
to f ir s t  o rd e r for s tru c tu re . Also, dT/dA  values from  events 161 - 163, 165 
and 167, within the azimuth range associated  with s tru c tu ra l com plexities, 
w ere co rrec ted  by applying the s tru c tu re  of group 11 of Table 4 .4  and used 
in deriving the smooth curve. This curve shows a com paratively flat region 
between 43. 5° and 46. 5° followed by a steep region beyond 47 .0° . Although 
the amount of data is lim ited , the re su lts  a re  in qualitative agreem ent with 
those of Figure 7. 2. It is worth rem arking  that events 155 and 156 give anom al­
ously low values of dT/dA  ; fo r event 156 the low er dT/dA  values a re  associated  
with the th ird  peak of the onset, and it may therefore  be associated  with a d istinct 
second a rr iv a l. Note also that a dT/dA  displacem ent of a s im ila r  amount was 
observed for event 84 at an azim uth and distance of 352.0° and 46 .0° re sp ec t­
ively.
7. 6 DATA FROM OTHER REGIONS: EVENTS FROM THE ASIAN CONTINENT 
AND SURROUNDING REGIONS.
AZIMUTH RANGES 297.5° TO 327.3°; 338.5° TO 358.5°; 28 .5°. 
DISTANCE R Ä l^ ~ 4 4 7 ? r TO~9079U. (See F igures 7 .1 , 7.7 and 
Appendix 2).
The co rrected  dT/dA  values used in preparing  the p re lim inary  
dT/dA  curve a re  displayed in F igure 7 .7(a). The data were co rrec ted  in five 
separa te  groups, and because of the lack of detail p resen t in each separa te  
group, no fu rther d iscussion is w arranted, except to rem ark  that there  is 
some evidence for a steep region of the dT/dA  curve near 80°. With the 
addition of m ore dT/dA  m easurem ents beyond 80°, it becam e possible to obtain 
m ore re liab le  co rrections for s tru c tu re  for the data used in the refined dT/dA  
curve. To construct the dT/dA  profile between 64.5° and 80.4° (profile 7 
of Table 4 .5), data co rrected  to f ir s t  o rd e r from severa l d ifferent azim uth 
ranges were combined. One dT/dA  value from  each of events 202 to 204 was 
used in obtaining the smooth curve. The rem aining dT/dA  m easurem ents
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Figure  7 .7  dT /dA  data from  o the r  regions: azim uth  ranges 297.7° to 327 .3°;
338 .5° to 358.5° ; 28 .5°  : d is tance  range 44 .6°  to 9 0 .9 ° .  T r i ­
angles denote points re jec ted  in fitting a smooth cu rv e .  Open 
c i rc le s ,  sq u a re s  and tr iang les  r e f e r  to events at depths g r e a te r  
than 130 km.
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for these events were placed in profile 11. The smooth curve fo r profile 7 
shows a flat region near 65°; it then becom es p rog ressively  s teep er up to 
80.4° .
The m ost in teresting  and effective application of the refined 
method of correcting  dT/dA described  in section 4. 2 is exem plified by the 
data of profile 11 of Table 4 .5 . Although the dT/dA  m easurem ents are  
drawn from  an azimuth range of nearly  45° , it was possible to obtain s a tis ­
factory corrections using only one s tru c tu re . In con trast, for the construction 
of the p relim inary  dT/dA  curve, the data over this distance and azim uth range 
w ere co rrected  in th ree  separate  groups. dT /dA  data from  8 events in the 
distance range 80.4° to 90.8° w ere added before the p reparation  of the final 
dT/dA  profile. The sca tte r  of the raw  data, especially  between 80.0° and 
90.9° , is very  g rea t indeed. However, all the data in the distance range 
71. 2° to 90. 9° and within the azim uth range 283. 4° to 327. 3° have been 
assum ed to be affected by the sam e s tru c tu re , and this has been designated 
s tru c tu re  group 14 of Table 4 .4 . The vecto r sum  of the individual s tru c tu re s  
associated  with all dT/dA  and azim uth values gives a value of 89. 5 fo r 
F is h e r’s ’K ’ . T herefore the 57 s tru c tu re  vecto rs  used in working out this 
average form  by fa r the m ost coherent se t of s tru c tu re  v ec to rs . This average 
s tru c tu re  introduces very strongly azim uth dependent co rrec tio n s, and has 
very  effectively reduced the sca tte r .
The sc a tte r  of the co rrec ted  dT /dA  data between 80. 0° and 81.6° 
has made it n ecessary  to re jec t severa l points in o rd e r to obtain a s ta tis tica lly  
acceptable smooth curve. The dT/dA  and azim uth values for events 201,
285 and 286, at azim uths of 325.0° , 324.7° and 324. 6° and at d istances of 
80.0° , 80.4° and 81.6° respectively , show system atically  high dT/dA  values 
when corrected  for s tru c tu re . Of m ore im portance a re  the system atically  
la rg e r  values of dT/dA  for event 286 in com parison with 285. This, together 
with the s c a tte r  of the rem aining data, suggests that an anomaly in the dT/dA  
curve of the kind illu stra ted  in Figure 6.9 may occur close to 80°, perhaps 
with point b n ear 81 .6°. Consequently the smooth dT/dA  curve of F igure 7 .7(b)
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F ig u re  7 .8  R esidua ls o f a ll events at d is tances between 4 0 .2 °  and 9 8 .8 ° 
re la t iv e  to the 1968 S e ism o log ica l Tables fo r  P Phases w ith  
the e ffec ts  o f lo c a l s tru c tu re  rem oved as ind ica ted  in 
section  3 .4 .
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m ay be a little  m isleading in this d istance range. It does show a steep region 
between 83.2° and 82.8° , but the flat region below 81° is un rea listic . There 
is a plateau region between 83. 0° and 85. 3°, and finally the curve becom es 
much s teeper between 86.0° and 90 .9°. These featu res a re  in reasonable 
agreem ent with the general shape of the curve fo r the Aleutian Islands region 
events. There are  few observations beyond 85°, but an exam ination of the 
dT/dA  values for events 207-209 and 291-292 suggests a sudden o r rapid 
decrease  in dT/dA between 87.8° and 88 .9°.
7. 7 TRAVED-TIME RESIDUALS .
The trav e l-tim e  residuals displayed in Figure 7 .8  show that 
there  a re  no anom alies in the low er m antle that a re  sufficiently large  to p ro ­
duce an anomaly in the trav e l-tim e  curve g re a te r  than a few lengths of a 
second, even when the data a re  examined on a regional b asis . These residuals  
w ere calculated re la tive to the 1968 Seism ological Tables for P Phases in 
exactly the sam e m anner as those of F igure 6 .16. It is therefo re  reasonable 
to assum e that any irreg u la ritie s  in low er m antle s tru c tu re  will produce 
anom alies in a m odern trav e l-tim e  curve not significantly g re a te r  than the 
random e r ro r s  in the trav e l tim es them selves. This resu lt provides ample 
justification for the use of the em pirica l and refined techniques for co rrec tin g  
dT/dA  values that w ere described  in sections 4 .3  and 4 .4 .
7 .8  DISCUSSION.
It has been possible to detect anom alies in the dT/dA  curve 
fo r P waves beyond 40° for d ifferent d istance ranges and fo r data from  events 
occurring  in en tire ly  different regions. Hence, without considering anybody 
e ls e 's  work, it can be stated  confidently that irre g u la ritie s  in the s tru c tu re  of 
the low er m antle have been identified. At th is stage only a b rie f sum m ary  and 
discussion of the re su lts  presented in this chap ter a re  necessary ; a detailed 
com parison with o ther work is given at the end of C hapter 8.
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The dT/dA  values for regions E and H both indicate a very  flat 
portion of the dT/dA  curve between 44° and 46 -  47° , followed by a rapid 
decrease  near 48°. The rapid decrease  is also supported by the data of region 
F, but the preceding flat region does not show up. Thus the following picture 
em erges. At about 47° there is definitely a sharp  decrease  in dT/dA  for f ir s t  
a r r iv a ls . For the regions to the northw est and to the eas t of WRA, the nature 
of the velocity anomaly is very  s im ila r . However, for events to the north of 
WRA, at d istances between 40 .6° and 44 .4° , d istinc t second a rr iv a ls  between 
1 .0 and 3. 2 seconds la te r  than P and having appreciably low er dT/dA  values 
have been observed. T herefore the anomaly below the w est Pacific m argin to 
the north of WRA might be m ore pronounced than elsew here. This is perhaps 
su rp ris in g , but it was also suggested that the possible low velocity lay er near 
800 km for this azim uth range was m ore pronounced than in o ther regions. 
A lternatively ,th is enhancem ent of dT/dA  anom alies may rea lly  be due to 
s tru c tu re  fa irly  close to the a rray ; nevertheless, it is tem pting to speculate 
that regional varia tions in low er m antle d iscontinuities may be re la ted  to 
tectonic p ro cesses  m ore obviously m anifested n ear the surface of the earth . 
Beyond 49 .0° events of both regions E and F, slightly west of and eas t of north 
re la tive  to WRA respectively , indicate a plateau region of the dT/dA  curve 
extending over sev era l degrees. From  53° to 83° the only region providing 
a detailed dT/dA  profile is the west Pacific  m argin . There is no offset near 
60° as Johnson (1969) and C orbishley (1970) have suggested, though the smooth 
curve is significantly  s teep er around 56°. Because of the lim ited  amount of 
data the situation n ear 70° , where both Johnson and C orbishley find an anomaly, 
is unclear.
T here  is m ost probably a trip lica tion  of the kind suggested by 
Chinnery (1969) n e a r 80°. The dT/dA  data from  the Aleutian Islands and 
from  the Asian Continent both indicate a com paratively rapid d ecrease  in 
dT/dA  between 78° and 81°, and the large  sc a tte r  in the data over this distance 
interval suggests m ultip licity  in the dT/dA  curve. Both se ts  of data also
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indicate a re la tive ly  flat region of the curve between 82. 0° and about 88.0°, 
which is probably followed by a sharp  fall in dT/dA  beyond 88°. Thus it is 
tentatively concluded that there  is another anomaly in the dT/dA  curve between 
about 84° and 89° of the kind illu stra ted  in Figure 6 .9 .
The in teresting  feature suggested by these re su lts  is that re la tive ly  
sudden in c reases  in P velocity in the m antle a re  preceded by regions of anom­
alously low velocity grad ien ts. Therefore a plausible explanation m ust be 
sought. At the end of the la s t chapter it was m entioned that B arsch and 
Anderson have suggested that a negative dju/ dP im plies an unstable c ry sta l 
la ttice . If this is co rre c t then each sharp  decrease  in dT/dA  is associated  
with a phase transform ation  in the low er m antle, and the slowly changing dT/dA  
values rep re sen t the slowly changing velocities in the region above the phase 
change, where the c ry sta l la ttice is becoming unstable. W here the data for 
a p a rticu la r d istance range cover m ore than one region of the ea rth ,th e re  is 
no conclusive evidence for any regional d ifferences in s tru c tu re  below 1000 km, 
though there  is som e evidence that such d ifferences may p e rs is t  to about 
1200 km. This is not m eant to imply that such differences do not ex ist. It 
is ju st that a rra y s  a re  not capable at p resen t of detecting such subtle varia tions 
in s tru c tu re , owing to the difficulty of separa ting  locally  induced effects. The 
sharpness of each rapid velocity change is not known from  the seism ic  data; 
re la tively  abrupt in c reases in velocity probably give r is e  to trip lica tions in 
the trav e l-tim e  curve as suggested by Johnson (1969) and Chinnery (1969) 
in which the individual branches a re  too close together to be observed on s e is ­
m ogram s. The in terpreta tion  of dT/dA  data is much m ore difficult if such 
m ultip licities rea lly  ex ist, since a single valued smooth curve fitted through 
the data will not provide a rea lis tic  indication of the behaviour of the dT/dA
c u rv e .
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CHAPTER 8
P WAVE VELOCITIES IN THE MANTLE BELOW 700 KM.
8.1 p r e l i m i n a r y  REMARKS.
The methods by which a dT/dA  curve is co rrec ted  for s tru c tu re , 
smoothed and inverted were described  in C hapter 4, and in Chapters 6 and 7 
detailed evidence for the existence of regions of anomalous velocity change 
w ere p resen ted  by examining the dT/dA  data region by region. Since each 
identifiable anomaly in the data was p resen t fo r m ore than one region of the 
earth , it was concluded that s tru c tu re  at the deepest point of the ray  path was 
the m ost likely explanation. Therefore to com plete this re sea rc h  p ro jec t,it 
is n ecessa ry  to derive some world average velocity models for the low er 
m antle. Because the dT/dA  profiles have been constrained to the 1968 Seis- 
m ological Tables for P Phases, it is expected that the actual P velocities will 
be s im ila r  to those associated  with the tab les, modified at shallow er depths 
according to the velocity distribution used to 's t r ip ’the earth  to the top of the 
dT/dA  curve .
The p re lim inary  dT/dA  curve, together with the original in te r­
pretation  p resen ted  by W right (1970), is d iscussed  f ir s t .  Then the final 
’sm ooth’ model A.NUW2, derived using additional data and the refined method 
of co rrec tin g  dT/dA  m easurem ents, is com pared with the p re lim inary  version 
ANUW1 to illu s tra te  how the careful selection of ex tra  data and the use of a 
m ore e laborate  schem e for its analysis have answ ered som e of the problem s 
ra ised  when in te rp re ting  the p re lim inary  data. In fitting a smooth curve 
through the dT/dA  data there  is a tendency to sm ea r out possible sharp  changes 
in the dT/dA  curve . Consequently, a modified version  of ANUW2, denoted 
ANUW3, is p resen ted , in which the anom alies have been made sharp . Then 
two regional dT /dA  curves for the w est Pacific  m argin  and for the a re a  in the 
northw est quadrant re la tive  to WRA are  shown. In C hapter 2 the events used
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in this study w ere c lassified  into a num ber of groups according to focal depth 
and the quality of the recorded information (see Table 2 .4  and section 2.5).
Since it is useful to examine whether the sc a tte r  of the dT/dA  data is re la ted  
to the quality of this information or to focal depth, some s ta tis tic a l signifi­
cance te s ts  on the dT/dA  values are included. F inally,the re su lts  a re  com ­
pared with o ther investigations of travel tim es, trav e l-tim e  gradients and 
am plitudes; an attem pt is also made to explain the d iscrepancies between the 
resu lts  of this and other a rra y  studies.
8 .2  AN AVERAGE P WAVE VELOCITY MODEL.
(a) P re lim in ary  Model A.NUW1. (See F igure 8.1 and Table 8 .1).
A P wave velocity distribution from  a depth of 700 km to 2790 km 
was calculated from  the p relim inary  dT/dA  curve of F igure 8.1 by the 
H erglotz-W iechert method, using com puter program m e ZCW101C8. A modified 
version  of E arly  Rise Model 2 of Green and Hales (1968) was used to ’s tr ip ' 
the earth  to a depth of 700 km, and the p a ram ete rs  of this model are  listed  
in Table 8. 2.
The m ost prom inent feature of Figure 8.1 is the flat portion of 
the dT/dA  curve between 32° and 37° corresponding to anom alously low velocity 
g rad ien ts, -  d v /  d r  , between 800 and 850 km. The velocity model shows a 
slight decrease  in the P wave velocity with increasing depth at 820 km . As 
indicated in section 4. 3 , the dT/dA data have been over-sm oothed in this 
distance range to avoid an apparent increase  in dT/dA  which would cause the 
H erg lo tz-W iechert method to form ally break down. Such an increase  is p ro ­
duced la rge ly  by data from  M ariana Islands earthquakes, and has a lready been 
explained in te rm s of a low velocity lay er. Figure 8.1 also shows the anomalous 
region beyond 46° corresponding to a sm all increase in -  d v /  d r  at a depth of 
about 1150 km, followed by a region of low velocity gradients between 1260 and 
1300 km . The smooth curve suggests a slight increase in -  d v /  d r  near 1600 
km,which agrees with the resu lts  of Johnson (1969) and C orbishley (1970).
However, subsequent work has suggested that the effect is produced la rgely  by
227 .
Table 8. 2. Modified V ersion  of E a r ly  R ise Model 2 of Green and 
Hales used to ’S tr ip ’ the E a r th  to a Depth of 700 km .
Velocity, Depth,
k m /s e c  km
6.30
6.35
6.85
7.15
8 . 02
8.07
8.33
8.38 
8. 25
8. 25
8.38 
8 .40  
8 .58
9. 20 
9 .80
10.82  
10.885 
10.913
0
20
20
40
40
89
89
134
134
159
159
260
372
372
634
634
680
699.82
D
ISTA
N
C
E, deg
228 .
dT/dA, sec/deg
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Figure 8 .2  dT/dA  curve prepared  by the refined method of section 4 .4 .
Dotted line denotes average dT/dA  value fo r events at 
d istances between 88.9 and 98.8 .
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inadequate compensation for s tru c tu re  for two events at d istances of 58.5° 
and 60. 5° belonging to group 8B of Table 4 .1 . The existence of a rapid 
increase  in velocity near 1600 km has not been substantiated by the additional 
data used in preparing  the refined dT/dA  curve. There also appears to be 
a com paratively flat region of the dT/dA  curve between 63° and 66° c o r re s ­
ponding to low velocity gradients between depths of 1700 and 1750 km. Finally, 
there  is a fa irly  steep portion of the curve between 78° and 83. 5° yielding 
com paratively high velocity gradients between about 2200 and 2500 km. Since 
the preparation  of the p re lim inary  velocity model, additional dT/dA  data over 
the distance ranges 44. 2° to 47. 2° , 57. 6° to 67. 0° and 79. 7° to 80. 8° have
been compiled in o rd e r to map out the anomalous regions in m ore detail. To
r  d villu s tra te  the depths of the anom alies,the p a ram ete r _ _ _ _ _ _  has been
v d r
calculated from  the velocity distribution interpolated at 5 km in te rva ls , and 
displayed graphically  in Figure 8 .3 .
(b) Refined Model ANUW2. (See F igures 8 .2 , 8 .5  and Table 8 .1).
The smooth curve of Figure 8. 2 cannot be used to derive a velocity 
model owing to the slight increase in dT/dA  between 30.7° and 32.0° and 
between 34.8° and 36 .0°. These two in c reases can, incidentally, be explained 
by the random e r ro r s  in the data points. The two plateau regions in the 
dT/dA  curve are  introduced when data from  severa l d ifferent azim uth ranges 
a re  combined. The differences in the form  of the dT/dA  curve for regions 
C and D of C hapter 6 ( i.e . to the north and to the east of WRA respectively), 
a re la rg e ly  responsib le for th is, and there  seem s no justification for assum ing 
that the two flat regions are re a l. Regional d ifferences in s tru c tu re  o r inade­
quate com pensation for local s tru c tu re  a re  the m ost likely explanations. 
Consequently, the dT/dA  curve was adjusted in the following way to enable 
a velocity model to be derived. The ordinates of the th ird  and sixth sum m ary 
points of Table 4. 6 were increased  by 0. 040 and 0. 014 sec /d eg  respectively , 
and the ordinate of the fourth sum m ary point was decreased  by 0. 006 sec /deg . 
These adjustm ents a re  a rb itra ry , but since the model ANUW2 derived from
230 .
A N U W 2
ANUW1
Herrin et at. (1968)
250020001000
D E P T H ,  k m
F igure  8 .3  -  JL  iLZ. fo r the 5 km la y e rs  of m odels ANUW1 and ANUW2
v d r
and the v e loc ity  m odel derived  from  the 1968 Seism ological 
T ab les fo r P  P h a se s .
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the adjusted curve is not unique, this does not m a tte r. The smooth dT/dA  
curve was fitted only to a distance of 88. 2° owing to the sudden decrease  in 
dT/dA  beyond 88. 2° , the general paucity of data beyond 88°, the d iscrepancy 
in the dT/dA  values between events from  the w est (Gulf of Aden and Iran) and 
from  the northeast (Aleutian Islands and A laska), and the effect of the core 
on the P a rriv a ls  as the depth of penetration approaches the m an tle-co re  
boundary (see Johnson, 1969). In addition, it was not possible to obtain a 
smooth dT/dA  curve beyond 90° in which there  was not an increase in dT/dA  
with increasing  d istance.
The velocity  d istribution was derived in exactly the sam e m anner 
as the p re lim inary  model, and the p a ram ete r t, is plotted in Figure 8 .3 . The 
derived model shows a region of high velocity gradients below 700 km, followed 
by low velocity gradients near 790 km . There is another plateau region between 
825 and 860 km. t, then reaches a slight maximum at 885 km, decreases  
slightly, and in c reases  to another maximum at 1030 km. Thus the velocity 
anomaly near 1000 km suggested by Johnson (1969) and Archam beau et al.
(1969) may be p resen t, but only as a com paratively sm all irreg u la rity . 
t, subsequently d ecreases  to a minimum at about 1090 km, and increases 
steadily  to a maximum at 1210 km; these featu res correspond to the flat region 
of the dT/dA  curve between 43° and 46° , followed by the sharp  offset o r rapid 
decrease  beyond 47°. There is also  a region of low velocity gradients between 
1260 and 1330 km corresponding to the flat region of the dT/dA  curve between 
about 51° and 54°. The p a ram ete r £ reaches a maximum again at about 1500 km 
corresponding to a d istance of 58°. Beyond 1500 km, t, d ecreases steadily  so 
that there  is an extended region of low velocity gradients down to about 1850 km; 
it then increases slow ly,reaching a maximum at 2000 km, at which the equivalent 
distance is 72.8° . This may indeed suggest a slight anomaly in the dT/dA  
curve at 70.5° as reported  by Johnson (1969) and C orbishley (1970). Since the 
data for any one region give a poor coverage between 67° and 72°, m ore dT/dA  
m easurem ents over th is distance range are  requ ired  to reso lve the problem .
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F ig u re  8 .4  A  poss ib le  v e lo c ity  m odel fo r  the D”  re g ion .
233 .
Table 8 .3 . P a ram e te rs  of a Possib le Velocity Model for the D" 
Region of the Mantle and A ssociated  T ravel T im es.
(a) V elocities.
Depth,
km
Velocity,
km /sec
2595 13.4571
2735 13.5480
2735 13.8000
2800 13.8800
2894 13.7000
V elocities above 2595 km correspond to those of model ANUW3 
(see Table 8 .1).
(b) T ravel T im es.
P,
sec /d eg
A ,
deg
T,
sec
Depth of 
Penetration 
km
5. 00 86. 39 763.65 2530.1
4.90 88.13 772. 25 2593.3
4.80 90. 64 784.47 2658.8
4. 69 92.76 794.53 2731.1
4.59 80. 32 736.30 2740.1
4.50 86.71 765.41 2794.2
4.49 88.77 774.67 2800.6
4.48 96. 68 810.15 2816.1
4.47 100.72 828.24 2831.6
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Below 2000 km, t, decreases to a minimum at about 2100 km, and increases 
again to a maximum at 2360 km for which the corresponding distance of 
em ergence of a ray  is 80.0°. The velocity g radients a re  very  low between 
2460 and about 2600 km.
No attem pt was made to derive a velocity  d istribution below 2600
km . Beyond 8 8 .2 ° , the co rrec ted  dT/dA  values w ere all significantly lower,
but the data w ere not sufficiently copious to enable a re liab le  smooth curve
to be obtained. A stra igh t line fitted through the ten dT/dA  m easurem ents
at d istances g re a te r  than 88. 2° shows a positive gradient,w hich is obviously
unacceptable. So, as an a lternative procedure, a weighted mean of the dT/dA
+  / 2values was calculated and found to be 4.468 -  0. 028 sec/deg ; fu rther, x was 
10.62 on 9 degrees of freedom , which indicates that there  is no s ta tis tica l 
evidence for any increase o r d ecrease  in dT/dA  between 88.9° and 98 .8°. If 
it is assum ed that the average value of dT/dA  indicates r /v  im m ediately below 
a f ir s t  o rd e r discontinuity at a depth of 2700 km, the calculated velocity is 
14. 34 k m /sec , which is too high. However, if the value of dT/dA  is assum ed 
to be rep resen ta tive  of the value of r /v  at the m an tle -co re  boundary, taking 
the depth of the core to be 2894 km (Taggart and Engdahl, 1968), the velocity 
is 13. 60 k m /sec , which is reasonab le . It is likely  that the dT/dA  values have 
not been adequately co rrec ted  for local s tru c tu re . But for events to the west 
of the a rray , on the lim ited data available, the sh arp  decrease  in dT/dA  appears 
to be re a l. In addition, recen t P wave velocities provided in the 1968 Seism o- 
logical Tables for P Phases, and by Hales e t a l . (1968), d iffer significantly 
below 2700 km, so that the velocities in the low est 200 km of the m antle are  
not known accura te ly . A possible in terpreta tion  of the dT/dA  data might be 
that there  is a sharp  increase  in P wave velocity at about 2735 km, followed by 
a decrease  to about 13. 6 to 13.7 k m /sec  at the m an tle -co re  boundary. Such a 
model that gives acceptable dT/dA  values is illu s tra ted  in Figure 8 .4 , and the 
relevant p a ram ete rs  a re  lis ted  in Table 8 .3 . The low dT/dA  values mean that 
the travel tim es become too fast beyond 90°. At 86 .5° and 96 .5° , the travel
DE
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Figure 8.5 Velocity models of Jeffreys, Johnson (CIT208) and models 
ANTJW1, ANUW2 and ANUW3.
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Table 8.4  . p-A and T - A  Carves  for Model ANUW3 .
p,
sec /deg
A,
deg
T,
sec
Depth of 
Penetration, 
km
P.
sec /deg
A,
deg
T,
sec
Depth of 
P ene t ra ­
tion, km
9.00 28.72 358.29 722.1 6.70 62. 25 622.55 1621.0
8.90 29.79 367.89 750.9 6.60 63.29 629.45 1668.6
8.80 30.84 377.20 778.7 6.50 64.81 639 .44 1717.6
8.70 32.28 389.77 807.4 6.40 67.34 655.71 1769.9
8.68 32.75 393.87 813.7 6.30 69.44 669.08 1825.7
8.67 36.38 426.05 844. 6 6. 20 71.28 680.53 1881.6
8.64 34.18 407.04 848.7 6.10 72.96 690.88 1937.7
8.60 32. 67 393.98 853.4 5.99 74.70 701.42 1999.7
8.59 33.10 397.69 855.3 5.95 67.60 658.93 2001.2
8.50 37. 29 433.55 889.0 5.90 73. 13 691.70 2031.3
8.40 39.17 449.41 925.7 5.80 76.40 710.85 2091.5
8.30 40.72. 462.37 963.0 5.70 78. 64 723.74 2151.9
8.20 43.64 486.40 1002.8 5. 60 80.57 734.64 2212.5
8.15 45.78 503.93 1028.1 5.50 82.34 744.45 2273.3
8.07 39.90 456.00 1035.5 5.40 84.00 753.53 2334.3
8.05 42.78 479.25 1046.1 5.37 84.48 756.14 2352.7
8.00 45.40 500.25 1071.6 5. 24 71.08 684.34 2359.0
7.90 49.25 530.77 1119.4 5. 20 77. 66 718.71 2387.2
7.80 53.57 564.77 1178.2 5.15 81.33 737.74 2422.4
7.76 54.92 575.23 1201.7 5.10 83.85 750.65 2457.6
7.55 40.32 462.46 1207.1 5.00 87.60 769.59 2528.2
7.50 46.45 508.61 1233.2 4.90 90.57 784.30 2598.8
7.40 51.25 544.46 1285.5 4.80 93.15 796.81 2669.6
7.30 54.37 567.38 1337.9 4.71 95. 27 806.87 2733.4
7.20 56.88 585.59 1390.6 4.61 80.55 737.73 2738.5
7.10 58.77 599.09 1442.8 4.55 87. 45 769.40 2777.9
7.00 60.38 610.46 1493.7 4.52 88.91 776.04 2797.6
6.98 60.71 612.75 1503.9 4.51 95.08 803.88 2809.0
6.93 53.77 564.34 1506.1 4.50 98.93 821.21 2823.0
6.90 57.30 588.81 1521.0
6.80 60.47 610.53 1570.9
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t im e s  a re  764 .2  and 809.3 seconds re s p e c tiv e ly , whereas the co rre sp on d ing  
tim e s  fro m  the 1968 S e ism o log ica l Tables fo r  P Phases are  764.0 and 810.7 
seconds. F u r th e r , a ra y  e m e rg ing  at a d is tance  of 9 6 .7 °  penetra tes to a depth 
o f on ly  2816 km , so tha t the m odel g ives on ly  a crude re p re se n ta tio n  o f the 
P v e lo c it ie s  a t the base of the m an tle .
Regions o f anomalous v e lo c ity  g rad ien ts  a re  c e r ta in ly  p re sen t in 
v e lo c ity  m ode l ANUW 2, but s ince a sm ooth continuous cu rve  w ith  a continuous 
f i r s t  d e r iv a tiv e  has been f it te d  th rough the d T /d A  data, the reg ions of ra p id ly  
changing v e lo c it ie s  a re  spread o ve r an apprec iab le  depth in te rv a l.  M o re o ve r, 
i t  seem s m o re  l ik e ly  tha t the ra p id  v e lo c ity  changes, i f  due to phase tra n s fo rm ­
a tions , should  be concentra ted  in to  n a rro w e r depth in te rv a ls  (A .E . R ingwood, 
pe rsona l com m un ica tion , 1969). T h e re fo re  an a lte rn a tiv e  m odel A.NUW3, 
w h ich  w i l l  e ven tua lly  be re fin e d  to s a tis fy  the d T /d A  data equa lly  w e ll, has 
been co n s tru c te d .
(c) R e fined  M odel w ith  A d jus tm e n t o f Anom alous R egions. ANUW 3.
(See F ig u re s  8 .5  and 8 .6  and Tables 8 .1  and 8 .4 ).
M ode l ANUW3 was p repa red  by a d jus ting  the p a ra m e te rs  o f m odels 
ANUW1 and ANUW 2 in  the l ig h t  o f the evidence fo r  reg ions o f anom alous v e lo c ity  
g rad ien ts  d iscussed  in C hapters 6 and 7. F irs t, th e  v e lo c it ie s  o f m odel ANUW1 
to a depth o f 815 km  have been used, and then a low  v e lo c ity  zone, s im i la r  to 
case 2 o f F ig u re  6. 6 and Table  6 .1 , was added below  815 km . Thus a sharp  
d is c o n tin u ity  has been in troduced  at 815 km , and the v e lo c it ie s  subsequently  
inc rease  ra p id ly  between 835 and 855 km , and f i t  sm oo th ly  on to m odel ANUW 3 
at 880 k m . Below  900 km , a ll o f the reg ions o f anom a lous ly  h igh v e lo c ity  
g rad ien ts  have been rep laced  by s m a ll f i r s t  o rd e r d is c o n tin u it ie s . These 
d is c o n tin u it ie s  have been in troduced  at the depths at w h ich  the v e lo c ity  g rad ien ts  
in  m odel ANUW 2 are  m ax im um  (v iz . 1032.5 km , 1205 km , 1505 km , 2000 km  
and 2355 k m ). A  v e lo c ity  m odel s im i la r  in fo rm  to  tha t o f F ig u re  8 .4  has been 
used to re p re s e n t the reg ion  below  2600 km . These f i r s t  o rd e r d is c o n tin u itie s  
w ere  in se rte d  by in c re a s in g  and decreas ing  the v e lo c it ie s  by a p p ro x im a te ly
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a. W est P ac ific  M a ig in
b. N o rth  W est Regional P rofile
Figure 8.7 Regional dT/dA curves.
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equal amounts at the depths concerned. The velocity  model and the associated  
dT/dA  curve a re  shown in F igures 8 .5  and 8 .6 , and the travel tim es and 
dT/dA  values a re  listed  in Table 8 .4 . In Figure 8 .5 the th ree m odels ANUW1, 
ANUW2 and ANUW3 a re  shown for com parison.
It is im port ant to s tre ss  the fact that the velocity changes fo r the 
d iscontinuities at 1205, 2355 and 2735 km have probably been made too la rg e . 
Each produces two phases with significantly d iffe ren t trave l tim es m ore than 
two degrees away from  the c ro ss-o v e r points at about 46 .5°, 78 .8° and 88 .8°. 
The existence of such phases whose onsets a re  separa ted  by m ore than one 
second cannot be d ism issed  en tire ly  at p resen t. The param ete rs  of model 
ANUW3 will be adjusted in the future to yield b e tte r trave l tim es for the two 
branches of the dT/dA  curve associated  with each of the d iscontinuities at 
1205 km and 2355 km. The model itse lf has been introduced p rim arily  to 
p resen t an alternative, and perhaps physically m ore re a lis tic , in terp re ta tion  
of the dT/dA  data, and to em phasise the non-uniqueness of the solution obtained 
by the H erglotz-W iechert method.
8 .3  REGIONAL dT/dA  PROFILES.
Eventually it will be possible to derive low er m antle m odels on a 
regional basis , but at p resen t the dT/dA  data a re  not sufficiently detailed to 
make this worthwhile. However, two regional dT/dA  curves are  p resen ted  
in Figure 8 .7 , and the profile names re fe r  to the geographic regions re la tive  
to Tennant C reek . Since the dT/dA data w ere exam ined by region in C hapters 
6 and 7, no discussion of the detailed shapes of the smooth curves is n ecessary , 
though it is im portant to rea lise  that the differences in these shapes a re  due 
largely  to the uneven distribution of the dT/dA  data, p a rticu la rly  for the north ­
west regional p rofile.
(a) W est Pacific M argin. (See Table 8 .5).
The dT/dA  curve was derived by interpolating between the sum m ary 
points of the dT /dA  profiles 2R, 5R and 6R of Table 4 .5 , adjusted to give the 
co rrec t trave l tim es. The la s t two sum m ary points of profile 5R and the f ir s t
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two of 6R w ere replaced by th ree points obtained by smoothing the co rrec ted  
values of dT /dA  from  both profiles between 77. 6° and 83 .7°.
(b) N orthw est Regional P ro file .
The smooth curve was fitted through all the co rrec ted  dT/dA  
values fo r events in the northw esterly  quadrant, and the sum m ary points a re  
lis ted  in Table 4 .7 . U nfortunately the data a re  very  sp arse  between 53° and 
64°.
8 .4  CLASSIFICATION OF EVENTS AND STATISTICAL SIGNIFICANCE 
TESTS ON THE DATA.
In C hapter 2 an event classification  schem e was devised according
to the quality of the P onset and the num ber of se ism om eters  working. The
question a r is e s  as to how the sca tte r  of the data points is re la ted  to the quality
of the recorded  inform ation. Does the ’ex te rn a l' consistency of a se t of onset
tim es provide an adequate m eans of weighting the data?  If not, is there  a
tendency fo r the e r ro r s  in the poorer quality data to be underestim ated, due
to fortuitous coherence of the relative onset tim es, perhaps caused by coherent
noise o r m ism atching of different portions of the wave form ? L ast, and probably
m ost im portan t, is the sc a tte r  of the data g re a te r  fo r deep focus earthquakes ?
No attem pt has been made to p resen t a rea lly  rigorous s ta tis tic a l
investigation of these problem s, but a sim ple calculation will enable any obvious
effects to be detected . All of the data of Figure 8. 2 up to a d istance of 88. 2°
w ere used to define a dT/dA  curve fitted in exactly the sam e way as the curve
shown in F igure 8. 2, except that no data w ere re jec ted . Thus the distance
2
ranges used w ere those of Table 4 .6 . The total x of 1386.3 on 574 degrees
of freedom  is much la rg e r  than one would expect if the data w ere norm ally
2
distribu ted . The individual x values w ere grouped according to the eight 
main divisions of Table 2.4, and the ra tio  total x^ / num ber of data points was 
calculated . The re su lts  a re  displayed in Table 8 .6 . It appears that the p o o rer 
quality data of groups C, D, y and § may have been given too much weight, since 
the e r ro r s  have probably been slightly  underestim ated . However, many events
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2
Table 8.6. x Values for All d T /d A  M easurem ents Grouped
According to the Classification Scheme of Table 2.4.
Group 2Total x No. of Points
2
Total x
No. of Points
A 57.86 37 1.56
B 224.49 124 1.81
C 505.90 231 2.19
D 85.58 50 1.71
All shallow 
events 873.83 442 1.98
a 23.91 6 3.98
ß 93.10 45 2.07
Y 228.43 71 3.11
6 33.70 29 1.16
All events at 
depths > 1 3 0  km 379.14 151 2.51
One rejected 
event * 133.37 2
All events 1386.35 595
* Event 261 was used in deriving the smooth curve, but the dT /d  A 
values were subject to a very  large bias. Consequently it was 
not included in the calculations shown in the table.
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obviously subject to considerable bias w ere of high quality. A lso,the sca tte r  
of the d T /d A  data from events at depths g re a te r  than 130 km seem s to be 
g re a te r , though it is em phasised that because deep focus earthquakes are  
concentrated in specific regions, the observed effect is not n ecessa rily  
re la ted  to focal depth. It is therefore  concluded that the weighting schem e 
used in p reparing  the dT/dA curves is not en tire ly  sa tisfac to ry , but apart 
from  focal depth, no single factor likely to cause bias for a p a rticu la r event 
has been detected . This is perhaps to be expected if m ultiple a rr iv a ls  in the 
f ir s t  second o r so of an event, due to s tru c tu re  deep in the m antle, rea lly  
ex ist.
8 .5  COMPARISON WITH OTHER INVESTIGATIONS.
(a) T ravel T im es and Amplitudes .
In C hapters 6 and 7, when d iscussing the identification of specific 
anom alies in the low er m antle, b rie f com parisons w ere made with the re su lts  
of o ther stud ies, p a rticu la rly  a rra y  investigations. Now that certa in  anom alies 
have been identified o r suggested, and th e ir  depths have been calculated, it 
is n ecessary  to provide a m ore detailed com parison to enable a plan for future 
studies of the deep in te rio r of the ea rth  to be evolved.
Initially  the re su lts  a re  com pared with recen t P wave trav e l-tim e  
investigations. The detailed trav e l-tim e  studies of H errin  et a l. (1968) and 
C leary  and Hales (1966) have not revealed  any distinct anom alies in the low er 
m antle . Thus it is likely that any irreg u la ritie s  in the s tru c tu re  of the low er 
m antle a re  e ith e r too sm all to be detected by the conventional tra \e  1-time 
method, o r can only be detected by an extensive study of one o r m ore events, 
p re fe rab ly  nuc lear explosions, in a p a rticu la r region of the ea r th . Of some 
in te re s t in th is re sp ec t is the shell model of C arder (1964) derived from travel 
tim es of cen tra l Pacific nuclear explosions. He found apparent breaks in the 
P trav e l-tim e  curve near 39°, 52°, 69°, 79 .5° , and 89.5° , which he in te r­
preted  in te rm s  of sharp  velocity in c reases  at depths of 1066, 1371, 1916, 2371 
and 2771 km . These resu lts  a re  in teresting  as the f ir s t  and th ird  discontinuities
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correspond to the sm a lle r le ss  c lea r  velocity anom alies of model ANUW3
(Figure 8 .5). The fourth and fifth d iscontinuities agree well with the dT/dA  
o oanom alies at 80 and beyond 88 . The second break  in C a rd e r’s trav e l-tim e  
curve, close to 52°, could easily  correspond to the sharp  d ecrease  in my 
dT/dA  data n ear 47°, in which case his second discontinuity is about 150 km 
too deep. Bugayevski (1964) found evidence for f ir s t  o rd e r d iscontinuities 
in the trav e l-tim e  curve near distances of 35° -  38°, 50° -54° and 70° -  72°, 
and suggested that they we re  due to low velocity zones; the f ir s t  two of these 
do agree quite well with the regions of low velocity gradients around 830 km 
and 1300 km in ferred  from  WRA dT/dA  m easurem ents. Regions of anomalous 
velocity gradients in the low er m antle have been suggested in many other tra v e l­
tim e studies, but no coherent pattern  has em erged. Such studies have been 
reviewed by A nderson (1967b), Chinnery (1969) and Johnson (1969).
Since, over a lim ited distance range, the amplitude of P waves 
is approxim ately proportional to / |  d 2 t /  dA2 I , a flattening o r a rapid 
decrease of the dT /dA  curve should correspond to a minim um  o r a maximum 
in the amplitude curve respectively  (see for example C arp en te r, 1966). The 
am plitudes of sh o rt-p e rio d  P waves from  nuclear explosions between 30° and 
102° have been studied by C arpen ter e t a l . (1967). T heir p re lim inary  curve 
shows a sharp  peak between 33° and 36° , a slight minimum followed by a 
m arked increase  at about 75° , and a sharp  minimum between 93° and 96°. It 
is tempting to speculate that the peak beyond 30° is associated  e ith e r with the 
rapid increase  in velocity  below the region of low velocity gradients near 850 km, 
o r perhaps with a region of overlap of two o r th ree branches of the trav e l-tim e  
curve, o r a caustic , caused by a low velocity zone; fu rther, the increase  in 
amplitude beyond 75° m ight be associated  with the rapid  decrease  in dT/dA  
near 80°. However, the prom inent featu res found by C arpen ter e t al. w ere 
not p resen t in the study by C teary (1967) of the am plitudes of sh o rt-p e rio d  P 
waves recorded  by LRSM stations. The re la tion  between am plitudes and dT/dA  
will be com plicated if the m ultip licities in the dT/dA  curve, separated  by le ss  
than a second, that w ere suggested e a r l ie r  a re  re a l. Thus high am plitudes do
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not n ecessa rily  imply high velocity g rad ien ts. T herefore a m ore explicit 
com parison of my re su lts  with amplitude studies is not justified at p resen t.
(b) A rray  dT/dA  M easurem ents.
In view of the difficulties involved in in terp re ting  a rra y  data, the 
only way of estab lish ing  o r denying the p resence of the le ss  c lea r  anomalous 
regions in the low er m antle is to com pare the re su lts  of severa l investigations. 
The aim  in this final section is to show that the m ajor d iscrepancies in the 
re su lts  of recen t a rra y  studies of the low er m antle a re  largely  due to d iffe r­
ences in in te rp re ta tion  resu lting  from  the s c a tte r  and irreg u la r  d istribution  
of the basic  dT /dA  data, and not n ecessa rily  to subtle irreg u la ritie s  in s tru c tu re  
at the a rra y  s ite , o r to regional d ifferences in s tru c tu re  at depths below 900 km. 
The f ir s t  a rra y  study of the low er m antle was published by Chinnery and Toksöz 
(1967). They used 167 events in the d istance range 27^ to 90° recorded  at 
the LASA in M ontana. T heir dT/dA  curve shows th ree  regions between 32° 
and 40° , 51° and 55° and between 72° and 78° where there  are  re la tive ly  few 
points. In each case  the curve appears to flatten before the gap. In th e ir  
p a p e r  they d iscussed  only the flat portions of th e ir  curve, but note also that 
there is a com paratively  steep region near 78° ; this seem s to be exaggerated 
as a re su lt of having little  data between 72. 5° and 77 .5°. Four additional 
papers concerned with a rra y  data and low er m antle s tru c tu re  w ere published 
during 1969 and ea r ly  1970 when my own work was nearing com pletion.
G reenfield and Sheppard (1969) w ere concerned largely  with 
Moho depth v a ria tions under the LASA. and th e ir  effect on dT/dA  m easu rem en ts.
They obtained two dT /dA curves: one for NW azim uths and one fo r SE azim uths.
2 2 oThey rem arked  that they found sm all absolute values of d T /dA  between 30 
and 34°, and th e ir  dT/dA  curve fo r NW azim uths shows an increase  in dT/dA  
in this d istance in te rva l. Both of th e ir  curves apparently  show flat regions 
near 46°, though th is is not obvious from  th e ir  curve. Thus up to 46° th e ir  
re su lts  a re  in excellen t agreem ent with m ine. Beyond 60° , th e ir  NW curve is 
in reasonab le  agreem ent with both of my world average curves in the sense that
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it does show some flattening before 70° , but th e ir  SE curve is ra th e r  puzzling.
It is also w orth pointing out that the num erical values of dT /dA in  G reenfield 
and Sheppard’s F igure 9 and Table 1 a re  seriously  in e r r o r .  dT/dA  should 
be 9. 0 sec /d e g  n ear 30° and not 8. 0 sec /d eg . The authors claim  that th e ir  
dT/dA  curves have been co rrected  for local s tru c tu re . If this w ere tru e  th e ir  
dT/dA  curves should appear as sm all perturbations of the J-B  curve, but this 
is c lea rly  not the case . Chinnery (1969) followed up the e a r l ie r  work of 
Chinnery and Toksöz with another paper in which the author p resented  dT/dA  
m easurem ents on P a rriv a ls  at the LASA from  about 400 events at a north­
w esterly  azim uth from  the a rra y . He found regions of anomalous velocity 
change at depths near 700, 1150 and 2000 km, and perhaps an additional anom­
aly at about 2500 km . There is a fa irly  flat region of his dT/dA  curve near 30°, 
but unfortunately th e re  a re  few observations between 31° and 37° so that the 
exact form  of the anomaly is unclear. His data show an anomalous region 
between about 46° and 49° , and he mentions the possib ility  of a trip lication  of 
the dT/dA  values, presum ably implying a fa irly  abrupt increase  in velocity o r 
velocity g rad ien ts. The data also suggest a flattening of the curve near 50°. 
Chinnery also finds an extended region of slowly changing dT/dA  between 65° 
and 75° , and he indicates a possible trip lication  of the dT/dA  values at about 
77°. The possib le velocity anomaly at a depth of about 2500 km may correspond 
to the flat region beyond 83° followed by the sharp  d ecrease  beyond 88° found in 
my own work. It is im portant to rem ark  that Chinnery does not indicate c lea rly  
the evidence for the existence of trip lica tions, and his velocity-depth profiles 
only give a rough idea of how they are  produced.
My own work on dT/dA  curves for regions of anomalous velocity 
changes, sum m arised  in the sequence of d iagram s of Figure 6.10, gives a c lea r  
physical p ic tu re  of how such m ultip licities can be produced. The re su lts  of 
C hinnery’s dT /dA  study correspond m ore closely with mine than those of any 
other a rra y  investigation. The only rea l discrepancy is in his in terpre ta tion  of 
the data between 70° and 80°. Chinnery em phasises the anom alously low velocity 
gradients before 75°, but his data do not preclude a very  rapid decrease  in
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dT/dA  between 75° and 80°. In these trip lica tions suggested by Chinnery,
Johnson and m yself, the individual branches a re  likely  to be too close together 
to be observed separa te ly  on se ism ogram s.
Johnson (1969) used the extended a rra y  at the TFSO to m easure  
dT/dA fo r d ire c t P waves from 212 earthquakes over the d istance range 30° 
to 100°. His curve fit shows anomalous regions n ear ep icen tral d istances of 
34.5° , 40 .5°  , 49 .5°, 59 .5°, 70.5° and 81.5° which may correspond to 
increased  velocity gradients near depths of 830,1000, 1230, 1540, 1910 and 
2370 km . He rem ark s  that the offsets n ear 34.5° and 70.5° are  sm all. Also , 
his schem e used to fit the CIT 208 and CIT 210 curves to the dT/dA  data tended 
to em phasise the anom alously steep portions of the curve. The schem e for 
fitting the CIT 206 curve contains no previous assum ptions about the shape of 
the curve, and although it contains regions that a re  both s teep e r and fla tte r  
than average, the s teep e r regions predominate» The anomalous regions of his 
dT/dA  data at 49 .5° and 81.5° are in reasonable agreem ent with C hinnery’s 
resu lts  and m ine, and the slight anomaly at 34.5° may re su lt from  the rapid 
increase  in velocities below the region of low velocity gradients near 830 km . 
However, the anom alies at 40 .5° and 59.5° m ust be regarded  with some su s ­
picion; in both cases  the irreg u la rity  is introduced when the data points change 
from  the northeast to the southwest quadrant. These two anom alies could 
therefo re  re su lt from  inadequate allowance fo r s tru c tu re  in the vicinity of the 
a rray .
The only published a rra y  dT/dA  study for the low er m antle, 
apart from  m ine (W right, 1968, 1970), using a single medium apertu re  a rra y , 
was undertaken by Gopalakrishnan (1969). He made dT/dA  m easurem ents over 
the d istance range 25° to 95° using P a rriv a ls  from  88 earthquakes recorded  at 
the G auribidanur A rray  in India. He used too little  data to enable a rea lly  
detailed velocity  model to be deduced, but his observations do suggest low 
velocity grad ien ts n ear 750 km and re la tive ly  high velocity  gradients near 1200 km . 
C orbishley (1970) derived a dT/dA  curve fo r the low er m antle using all four
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Table 8 .7 . Anomalous F ea tu res of the Lower Mantle In ferred  
from  A rray  dT/dA  Investigations.
Approxim ate 
Depth Range, 
km
C orresponding Velocity
Distance Range, G radients
deg________________________________
800 - 850 32 - 37 Low and probably 
negative over p a rt of 
the range. Regional 
differences possibly 
im portant.
1070 - 1110 44 - 46 Low
1160 - 1220 47 - 48.5 High
1260 - 1330 50 - 53 Low
1750 -  1850 65.5 - 69.5 Low
2180 -  2370 77.5 - 80.5 High
2460 -  2600 83 - 88 Low
2700 -  2750 Beyond 88° High?
High velocity  gradients o r sharp  increases of velocity may also 
occur at depths of approxim ately 1000, 1500 and 1900 km.
d
T/
dA
 S
C
A
LE
 d
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a. Johnson 0 9 6 9 )
b. Wright
' \ C .  Chinnery and \  
■N Toksöz(1967)
d . Corbishley 
\  0 9 7 0 )
e. Herrin et al. 
\  0 9 7 0 )
DISTANCE, deg
F ig u re  8 .8  d T /d A  cu rves d e r ive d  by C h inne ry  and Toksöz (1967), 
Johnson (1969), C o rb ish le y  (1970) and H e r r in  e t a l . 
(1968) com pared  w ith  the d T /d A  cu rve  o f F ig u re  8 .2 .
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U .K .A .E .A . a rra y s . His method of analysis of the re la tive  a rr iv a l tim es at 
the a rra y s  involves attem pting to estim ate  dT/dA  and the c ru sta l effects 
beneath each a rra y  sim ultaneously. He found regions of rapidly changing 
dT/dA  at 35° -  36° , 48° -  49° , 68° -  70° and 84° -  85°.
When a com parison is made of all the a rra y  studies d iscussed  
above, a reasonably  coherent p icture em erg es . The anomalous fea tu res of 
the low er m antle, e ith e r established o r suggested by my own work supplem ent­
ed by the re su lts  of o ther studies, a re  sum m arised  in Table 8 .7 . The ir re g u l­
a ritie s  suggested by Johnson at depths of 1000, 1540 and 1910 km are  not 
confirm ed e ith e r by my data o r by data from  the LA.SA in Montana, though the 
dT/dA  data p resen ted  in this thesis  do yield slight m axim a in the velocity 
gradients close to these th ree depths. The dT/dA  curves from  Chinnery and 
Toksoz (1967), C orbishley (1970) and the 1968 Seism ological Tables for P 
Phases, and my own refined dT/dA  curve a re  plotted in Figure 8 .8 , together 
with the dT /dA curve  derived from  model CIT 208 of Johnson (1969). Because 
of the d ifferences in the m athem atical techniques used in smoothing the dT/dA  
data, a visual com parison of these curves is a little  m isleading. It is also  a 
pity that Chinnery (1969) did not supply any p a ram ete rs  of h is dT/dA  cu rves, 
pa rticu la rly  as his re su lts  agree fa irly  closely  with m ine. The a larm ing 
difference in the fea tu res of C orb ish ley 's  curve when com pared with o ther 
studies leads one to suspect that there  may be a fallacy in his method of analysis. 
My own view is that the m athem atical model he uses to give s ite  co rrec tions 
(equation 4 of C orbishley, 1970) is com pletely inappropriate; it is c le a r  from  
the re su lts  of C hapter 3 that such a model does not co rre c t adequately fo r 
local s tru c tu re  a t WRA, and this seem s to me to be the cause of the trouble.
As fa r  as o ther a rra y  studies are  concerned, the d ifferences in a rra y  dT/dA  
curves and th e ir  corresponding velocity models can be adequately explained 
by the sc a tte r  and ir re g u la r  d istribution  of the basic  dT/dA  data. Regional 
differences in s tru c tu re  below 900 km do not have to be invoked, though this 
is not m eant to imply that they do not ex ist. There is indeed some evidence 
in my data that regional d ifferences may p e rs is t to a depth of 1200 km . Although
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certa in  velocity  anom alies have been identified, the sharpness of velocity 
increases is not known; re la tive ly  abrupt but fa irly  sm all in c reases  in velocity 
may give r is e  to duplications o r trip lica tions in the trav e l-tim e  curve in which 
the proxim ity of the individual branches will cause ju st a la rge  sc a tte r  in the 
dT/dA  data, thus tending to sm ear out o r even m ask the anomaly itse lf.
In F igure 8. 5 the velocity model of Jeffreys, derived from  the 
J-B  trave l tim es for P, and Johnson's model CIT 208 have been plotted for 
com parison with m odels ANUW1, ANUW2 and ANUW3. From  depths of 700 km 
to 2300 km the shapes of my velocity d istributions ANUW1 and ANUW2 are  
s im ila r  to Johnson’s, but ra th e r  d ifferent from  that of Jeffrey s. Model ANUW1 
generally  shows higher velocities than A.NUW2. The refined model ANUW2 is 
c lo se r to Johnson’s model than ANUW1, and also yields trave l tim es in be tte r 
agreem ent with those of H errin  e t al. (1968); it is therefo re  a substantial 
im provem ent on ANUW1, though the random e r ro r s  in the dT/dA  curves can 
explain the d ifferences between the m odels.
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CHAPTER 9
FURTHER APPLICATIONS OF THE ARRAY
9.1 in t r o d u c t io n .
Although a rra y s  w ere designed specifically  to im prove the signal 
to noise ra tio  of d istan t seism ic  events, th e ir  signal enhancing ability  has not 
yet been extensively adapted to studies of the s tru c tu re  of the e a r th 's  in te rio r . 
Applications to c ru s ta l studies have been described  by Agger and C arpen ter 
(1964) and by B irtill and Whiteway (1965). Key (1967) investigated the s ig n a l­
generated noise at the Eskdalem uir a rra y . Whitham and W eicher t  (1968) used 
velocity filte ring  of Yellowknife reco rd s  of the E arly  R ise chem ical explosions 
to investigate  upper m antle s tru c tu re  beneath the Canadian Shield. Hannon 
and Kovach (1966) used velocity filte ring  of TFSO reco rd s  combined with 
adjacent LRSM stations form ing a la rg e  a rra y  of 400 km in ap ertu re  to study 
core phases, and obtained resu lts  that appeared to support the core  model of 
Adams and Randall (1964). Towards the end of 1967 it was evident that a la rg e  
quantity of valuable inform ation sto red  in a rra y  tape reco rd s  was v irtually  
unexploited. Consequently a sho rt re sea rc h  p ro jec t designed to exploit som e 
of this inform ation and to advance som e ideas fo r future a rra y  investigations 
was undertaken in collaboration with D r. K. J . M uirhead. We attem pted to 
show, using the WRA reco rd  of the Novaya Zemlya nuclear explosion of O ctober 
27, 1966, that both v isual m atching and a rra y  phasing techniques can be used 
to g rea t advantage in studying the usual P phases following the f ir s t  a rr iv a l 
and in investigating coherent signals that do not correspond to any of the 
conventional phases, pa rticu la rly  p re c u rso rs  to PP  (see W right and M uirhead, 
1969).
254.
9 .2  THE NOVAYA ZEMLYA EXPLOSION.
The Novaya Zemlya nuclear explosion of O ctober 27, 1966, at a 
d istance of 106.0° (event 96 of Appendix 2), was well recorded  by the a rray , 
and a num ber of la te r  phases as well as P w ere v isib le . The high quality of 
the reco rd  of P , together with accurate  knowledge of the expected apparent 
velocity of diffracted  P, makes this explosion ideal for determ ining a c ru sta l 
s tru c tu re  beneath the a rray . A discussion of possible c ru s ta l s tru c tu re s  
derived from  the m easured apparent velocity and azim uth of the P onset has 
been given in C hapter 3. These s tru c tu re s , although of lim ited  value in 
co rrec tin g  m easurem ents of dT/dA for events in the d istance range 30° -  100°, 
do at le as t provide f ir s t  o rd e r co rrections to apparent velocities for the la te r  
P phases in the explosion reco rd . The WRA tape record ing  of the explosion 
was bandpass-filte red  between 0 .4  and 2.0 cps and tra n s fe rre d  on to paper 
at a speed of about 8 m m /sec; this revealed some exceptionally c lea r  la te r  
P phases, p a rticu la rly  PKiKP and PKKP , and num erous o ther signals that 
appeared to be coherent acro ss  the a rra y . All coherent signals following P 
w ere picked out visually  from  the paper reco rd , and the co rre la tion  method 
described  by B irtill and Whiteway (1965) was used to give an e s tim a te  of the 
apparent velocity  and azim uth of each signal. The com puter technique used 
for this has already  been described  briefly  in section 2. 2 (ii).
Jeffreys (1962a, pp. 104-105) has pointed out the difficulty of 
explaining the continuous irreg u la r  oscillations that follow P and S. Several 
hypotheses have been put forward to explain these oscillations. F or exam ple, 
it has been suggested that the general ir re g u la r  movement is im pressed  in the 
im m ediate neighbourhood of the observing station because of sca tte rin g . Key 
(1 967) has investigated the signal-generated  noise at the E skdalem uir a rray , 
and has shown a close co rre la tion  between low velocity apparent noise sources 
and topographic featu res; these signals a re  Rayleigh waves. The exceptional 
quality of the reco rd  of the Novaya Zemlya explosion has enabled some of the 
oscillations following P that a re  coherent ac ro ss  the a rra y  to be explained
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Table 9 .1 . C orrelation M easurem ents.
This table gives a selection of co rre la tion  m easurem ents of apparent velocity 
and azim uth for some of the la te r  P phases and coherent signals. A 3-second 
integration tim e was used for co rre la tion  m easurem ents except for en tries  
otherw ise indicated.
Name of Time for Expected Expected M easured M easured
Phase Start of Apparent Apparent Apparent A zim uth ,
C orrelation, Velocity, Velocity Velocity, deg
(GMT) k m /sec Assuming 
Two Dipping 
In terfaces,
k m /sec
km /sec
P 6h 12m 12. Os* 
6h 13m 18. Os , 
6h 13m 22. Os
2 4 .55a 22.10 21.0 344.2
17.4 345.1
16.4 325.7
6h 13m 33. 5s 18.8 306.4
6h 15m 00. Os 18.2 356.3
6h 15m 24. 8s 18.8 350.0
6h 15m 27.4s 18.9 349. 6
6h 15m 32. 5s 17. 6 342.8
6h 15m 38. 5s 22.9 343.0
6h 15m 50. Os 20.4 349.4
6h 15m 58. Os 17. 2 351.4
PKiKP 6h 16m 24. 2s 59. 0b 46.8 45. 9 334.3
PP 6h 16m 34. Os 15.07° 14.0 14. 0^ 342.0
6h 16m 54. Os 16.0 352.3
6h 17m 19. 5s 47 .4 137.2
6h 17m 46.0s 14. 6 326.0
6h 17m 53. Os 29.8 141.2
P cP P cP 6h 18m 54. Os 29. 6d 26.1 31.3 343.2
6h 18m 59.5s 24. 6 167.8
6h 19m 0 7 .3s 20.4 330.7
6h 24m 02. 5s / 
6h 25m 17.0s
18.0 144.5
17.0 169.1
6h 25m 30. 0s 15.2 180.8
6h 25m 37.5s 17.4 179.5
6h 26m 04. 5s 18. 2 187.8
PKKP A 6h 27m 47.1s 39.0 47.0 46.8 162.4
PKKP B 6h 27m 50. 5s , 
6h 28m 0 1 .8s , 
6h 28m 03. Is
47 .4 165.1
PKKP C 82.° 84.3 76.0 157.0
PKKP D 25. 0d 28.2 29. 6 167.1
6h 31m 52. 5 s ,  
6h 32m 00. 0s , 
6h 36m 09. 5s
37.3 145.9
PcPPK P 25. 4 28.8 23.0 187.0
PKPPKP 58. 0d 78.0 82.0 201.3
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Table 9.1 (Contd)
* 1-second integration tim e used.
^ 2-second integration tim e used.
/
1 .2-second integration tim e used.
^ F o r PP  the co rre la tion  peak occurred  at a velocity  of 39. 6 km /sec  and 
an azim uth of 304°, and the values quoted in the table correspond to the maxim um  
of a slightly  sm a lle r  peak. These re su lts  a re  due to in terference  from  the waves 
associated  with PKiKP o r PKIKP.
a Sacks (1967).
Bolt and O ’Neill (1965).
C C leary  and Hales (1966).
^ Jeffreys and Bullen (1958).
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in te rm s  of reflections at a considerable d istance from  the a rra y , as well as 
providing som e indication of the re liab ility  of m easurem ents of dT /d  A for 
identifiable phases using the co rre la tion  m ethod. It m ust be s tre sse d , however, 
that la rge  unexplained signals a re  common at a d istance of about 106°, so 
that the seism ogram  is probably not typical of o ther distance ranges; this 
point will be d iscussed  la te r .
The re su lts  of this study of coherent signals following P are  
given in Tables 9.1 and 9. 2. In Table 9.1 only the c lea re s t unidentified 
signals have been lis ted . The expected apparent velocities and azim uths allow ­
ing fo r s tru c tu re , lis ted  in Table 9. 2, have been calculated using s tru c tu re  2(a) 
of Table 3 .3 . F or the large  la te r  phases it was possible to supplem ent the 
co rre la tion  method with hand m easurem ents of the onset tim es and a le a s t-  
squares azim uth and apparent velocity determ ination . The e r ro r s  in the total 
trave l tim es to the orig in  of the a rra y  are  believed to be about 0. 2 seconds 
for the phases of Table 9. 2; for the o ther coherent signals the e r ro r s  a re  
la rg e r . To give som e indication of the quality of the le a s t-sq u a re s  fit, the 
m ean square  tim e residual is also displayed in Table 9 .2 . F or these la te r  
phases se ism o m ete rs  w ere re jected  only if the magnitude of the residuals 
exceeded 0.05 seconds. The least-squares fit fo r PP  was so poor, however, 
that it was not possib le to adopt this re jection  procedure . The reason  for 
this is provided by the apparent velocity m easurem ent of PP  using the c o r re l­
ation technique; in this case the co rre la tion  peak occurred  at a velocity of 
39. 6 k m /sec  and an azim uth of 304°, and the apparent velocity and azim uth 
quoted in Table 9.1 correspond to the maxim um  of a slightly sm a lle r  peak. 
Thus, even 10 seconds a fte r the onset of PKiKP there  is s till a significant 
amount of energy associated  with waves tran sm itted  through the co re .
9 .3  IDENTIFIED PHASES.
The trav e l tim es of all identified phases without e llip tic ity  
co rrections a re  lis ted  in Table 9 .3 . The e llip tic ity  co rrections calculated as 
described  by Bullen (1937, 1938a, b) have been included in the table for all
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Table 9 .3 . Travel Tim es of P Phases for the Novaya Zemlya 
N uclear Explosion .
Phase Expected T ravel 
Time
Ellip ticity
C orrection
Actual T ravel 
Time
P 14m 14. 9s -  0. 6s 14m 13. 5s
PKiKP 18m 25. 8s* -  0. 8s 18m 26. 2s
P P 18m 41 s -0 .2 s 18m 37. 2s
P cP P cP 20m 58. 8s -  0 .2s 20m 56s
PKKP A 29m 47 . 3s 29m 49.1s
PKKP B 29m 52. 5s
PKKP C 29m 57. 2s 30m 03. 8s
PKKP D 30m 06. 2s 30m 05. Is
PcPPK P 34m 04. 2s 34m 02s
PKPPKP 38m 12. 2s -  0. 3s 38m 1 1 .5s
*Bolt and O ’Neill (1965).
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Figure 9.1 Some processed records  of P . A rray  phased to an azimuth of
344.2 and to an apparent velocity of 21.0 k m /sec .  A 2-second 
square window of integration was used for trace 5 and for all 
co rre la to r  outputs in Figures 9 .2  -  9.5 .
Figure 9. 2 
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phases except PKKP and PcPPK P. Owing to the uncertainty in the expected 
trav e l tim es and also in the e llip tic ity  co rrec tio n s  them selves it was not con­
sidered  worthwhile calculating e llip tic ity  co rrec tio n s  for these phases . All 
phases a rriv ed  early  re la tive to the expected trav e l tim es, except PKiKP and 
PKKP. It seem s likely that the core model used by Bolt and O ’N eill (1965) to 
calculate  the trave l tim es for PKiKP is slightly  in e r r o r  in com parison with the 
J-B  tim es fo r o ther phases, giving PKiKP about 2 seconds e a r l ie r  than ob­
serv ed . F or P, PKiKP, P P , the PKKP phases and two large unidentified 
phases, d A/dT and azim uth w ere m easured  by the leas t-sq u ares  method as 
well as by co rre la tion , thus enabling a d irec t com parison between the two 
m ethods. In the case of these la rg e r  phases, except P P , the values of velocity 
and azim uth determ ined by the leas t-sq u ares  method are  undoubtedly m ore 
re liab le  than the values obtained by the co rre la tio n  technique. The values of 
velocity and azim uth obtained by the two m ethods a re  not in good agreem ent in 
all in stances. F igures 9 .1 -9 . 5 show summed and c o rre la to r  outputs for P, 
two la rg e  unidentified phases, PKiKP, P P , P cP P cP  and PKKP. These processed  
reco rd s  have been produced on a digital com puter using the co rre la tio n  technique 
described  by M uirhead (1968a).
Individual Phases.
PK iK P. The amplitude is nearly  as la rg e  as P and is much 
c le a re r  than previous observations of this phase at s im ila r  d istances, such as 
those of E rgin  (1967). O ther rep o rts  of PKiKP have been given by M elik- 
Gajkazan (1955) and Caloi (1961). M elik-G ajkazan (1955) gives an em pirica l 
travel-tim e curve fo r PKiKP with fo rty -n in e  observations between 22° and 
140°, but does not reproduce any re c o rd s . Bolt and O ’Neill (1965) indicate 
that this phase is m ost likely to be observed fo r the d istance range 105° <a< 110°, 
and they consider C aloi’s identification of PKiKP at 15° as unlikely. These 
authors have indicated that positive identification of this phase would enable an 
independent estim ate  of the rig id ity  of the inner core  to be m ade. The 
m easurem ents of dA /dT  and azim uth suggest that PKiKP may be two separa te
Figure 9. 3 
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phases. It is perplexing that m easurem ents of the a rr iv a l tim es of the f ir s t  two 
peaks of this phase give values of d A/dT close to the expected value but azim uths 
quite different from  the tru e  value. M oreover, a la te r  peak gives an azim uth 
close to the expected value but a ra th e r  high velocity. These re su lts  may be 
due to in terference with a sca tte red  signal.
P P . The values of velocity and azim uth obtained by both the 
co rre la tion  and the le a s t-sq u a re s  methods a re  in good agreem ent, but in te r­
ference from  other signals, m ost probably waves from  the e a r th ’s co re , resu lted  
in a very  poor le a s t-sq u a re s  fit. An in teresting  fact is that two unidentified 
phases show up m ore c lea rly  than PP , and these a re  d iscussed  la te r .
P c P P c P . P revious identifications of this phase a re  e ith e r very  
ra re  o r absent. The evidence fo r its identification is very  convincing; the 
azim uth and apparent velocity  a re  in reasonable agreem ent with the expected 
values, and the onset tim e d iffers from  the calculated a rriv a l tim e (J-B) by le ss  
than 3 seconds. It is of som e in te re s t that this phase has a trav e l tim e that 
d iffers from the expected tim e for P P P  by only 1 second. However, the m easu r­
ed apparent velocity ru les  out the possib ility  that it is P P P .
PKKP. A ccording to the J-B  tab les, there  a re  th ree  possible paths 
for PKKP, each phase travelling  in the re v e rse  d irec tion . The onset of the 
f ir s t  PKKP is rem arkab ly  sh arp . Both co rre la tion  and leas t-sq u ares  m easu re ­
ments of velocity and azim uth agree fa irly  well, but the re su lts  suggest four 
phases. The f ir s t  and fourth of these have values of dA/dT that agree well with 
the values for the f ir s t  and th ird  phases given by Jeffreys and Bullen; the 
a rriv a l of the fourth phase is not c lea rly  defined. One in terp re ta tion  of these 
resu lts  is that the m iddle branch of PKKP given by Jeffreys and Bullen is rea lly  
two separa te  b ranches. Evidence for this is provided by the J-B  trav e l tim e 
which is alm ost halfway between the trav e l tim es fo r two of the observed phases. 
F u rth er work i s  requ ired  to asce rta in  w hether this in terp re ta tion  is com patible 
with recen t core m odels. Engdahl (1968) provides surface focus trave l tim es
F
igure 9.5 
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of PKKP calculated from  the core model T2 of Bolt (1964), in which there a re  
four branches at 106°, showing reasonably good agreem ent with the resu lts  
presented in Table 9. 2. The m easured  azim uths d iffer from  the expected az i­
m uths, suggesting that the s tru c tu re s  derived from  P a re  not valid for signals 
arriv ing  from  the opposite azim uth.
PcPPK P and PK PPK P. These phases a re  both quite sm all, 
but the corre la tion  method gives apparent velocities in reasonable agreem ent 
with those expected; although these phases c ro ss  the a rra y  in the rev e rse  
direction the m easured  azim uths d iffer considerably  from  the expected values.
An unsuccessful search  was made for the phases PKJKP and
PKIIKP.
9 .4  UNIDENTIFIED SIGNALS.
Between P and PP  there  a re  ten unidentified coherent signals all 
with m easured apparent velocities between 17.4 and 22.9 k m /sec  and with 
azim uths within 45° of the azim uth of the explosion. These signals a re  spread  
over a tim e interval of 3 minutes 47 seconds, and it is unlikely that they a re  
due to sca tte ring  o r m ultiple reflections in the vicin ity  of the a rra y . They appear 
to have originated, presum ably by reflection , at a considerable d istance from 
the a rray , though reverberation  effects at the explosion site  may be partly  
responsible. A fter P P  there  is a sm all unidentified phase, possibly a core 
phase, travelling  in the rev e rse  d irection  at 47 .4  k m /se c , and with a total 
trave l tim e of 19 m inutes 21.5 seconds; no adequate explanation of this phase 
has yet been found. Between P P  and PKKP there  a re  severa l signals a rriv in g  
in the rev e rse  d irection  with velocities of le ss  than 30 k m /se c . It is suggested 
that these signals are  associated  with reflection and sca tte rin g  of core phases 
reaching the surface o r a near-surface discontinuity between 106° and 180° 
from  Novaya Zemlya.
There a re  two large phases, illu s tra ted  in Figure 9 .5  and m arked 
A and B, with travel tim es of 17 m inutes 26.8 seconds and 17 m inutes 29.4 
seconds ; the onset of the second of these is very  sh arp . Hand m easurem ents
268.
VERTICAL
CRUST
P WAVE VE L OC IT Y /42 
=  8*0 km/sec /
MANTLE
A =  23-2
NORMAL TO 
INTERFACE
F ig u re  9. 6 D ia g ra m  il lu s t ra t in g  the re f le c tio n  o f the phase a r r iv in g  at 
6 h 1 5 m  24. 8 s .
269.
Table 9 .4 . Two Large Unidentified Phases Arriving between 
P and PP .
P Reflected 
at 33 km
P Reflected 
at Surface
Arrival time of phase (GMT) 6h 15m 24.8s 6h 15m 27.4s
Travel time 17m 26. 8s 17m 29.4s
Corrected apparent velocity 21c 65 km /sec 22. 80 km /sec
Corrected azimuth 347.1° 343.8°
Point of reflection 6 0 .7°N, 
107. 6°E
6 2 .1°N, 
9 8 .1°E
A , distance from WRA to  point of reflection 83.2° 86.7°
t , travel time from point of reflection to 
WRA 12m 24s 12m 47s
4», distance from Novaya Zemlya to point 
of reflection 23.2° 19.3°
t , travel time from Novaya Zemlya to 
point of reflection 5m 05s 4m 29 s
Calculated travel time 17m 29s 17m 16s
270 .
of the onset tim es give azim uths fa irly  close to the true  value of 342.9°. F ir s t  
the original in terpreta tion  and calculations given in W right and M uirhead (1969) 
a re  considered, and then these re su lts  a re  d iscussed  in the light of subsequent 
work on the s tru c tu re  beneath the a rra y . With the assum ption that these phases 
re su lt from  a sim ple reflection at a dipping in terface, the points of reflection 
have been deduced from  the azim uths and apparent velocities co rrec ted  for 
s tru c tu re . The distance was obtained by com paring the m easured  velocity, 
co rrec ted  using s tru c tu re  2(a) of Table 3 .3 , with the apparent ve locities derived 
from  the C leary-H ales travel-tim e curve. The distances of these points of 
reflection from  the ep icentre  were then calculated, and the P trave l tim es for 
the two paths were added. These calculations on the two asym m etrica l ray  
paths were perform ed using com puter program m e ZCW101 B2. F o r the f ir s t  
of these phases the trave l tim e for P reflected  at a dipping M -discontinuity 
ag rees with the actual value to within 3 seconds, but the second la rg e r  phase 
does not fit so well, the trave l tim e being 13 seconds longer than fo r a surface 
reflection . By taking the f ir s t  phase,the angle of dip required  to give such a 
reflection has been found to be about 10° (see Figure 9. 6 and Table 9 .4).
F urther,the  dip would have to be toward the mountain ranges of cen tra l Asia; 
the points of reflection a re  situated ju st to the north of the Tannu Ola and 
Yablanovy ranges.
One im portant question a rise s  in connection with this in terpretation; 
how reliab le  is the s tru c tu re  used to c o rre c t the azim uths and apparent velo­
c itie s?  In C hapter 4 it was shown that the s tru c tu re s  derived from  the Novaya 
Zem lya explosion a re  not rea lly  applicable even fo r events at 75° from  WRA 
and at the sam e azim uth as Novaya Zem lya. It therefo re  appears that s tru c tu re  5 
of Table 4 .4  might be m ore appropria te . However, this s tru c tu re  gives v irtually  
the sam e co rrec ted  azim uths as those lis ted  in Table 9 .4 , but re su lts  in la rg e r  
co rrec ted  apparent ve locities . This m akes the value of Aj slightly  la rg e r  so 
that the calculated total travel tim es become sm a lle r . Owing to the uncertainty 
in the apparent velocities due to o ther causes,th is  modification does not affect
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the valid ity  of th e  explanation of the two phases A and B. The problem  of 
which is the b e tte r s tru c tu re  rem ains unresolved.
Points of reflection fo r all o ther phases, assum ing they a re  som e 
form  of reflec ted  P, have been determ ined in the m anner outlined above, but 
attem pts to fit trave l tim es and ray  paths have not been en tire ly  successfu l.
When the paper d iscussing  these unidentified signals (W right and M uirhead,
1969) was com pleted,the occurrence of a m ajo r seism ic  discontinuity in the 
m antle at a depth close to 400 km had a lready  been established (see section 5 .1), 
but w hether the existence of f i r s t  o rd e r se ism ic  d iscontinuities in the m antle 
was possib le was not then known. Consequently it was rem arked  that many 
of the unidentified phases could be explained if reflections at the low er sides 
of d iscontinuities in the upper m antle w ere postulated. While our paper was 
in p re ss  the problem  of p recu rso rs  to P P  in the 105° < A< 110° tim e window 
was d iscussed  by Bolt, O 'Neill and Q am ar (1968). It has been believed for 
some tim e that an oliv ine-spinel phase transform ation  takes place at a depth 
of about 400 km in the m antle. R ecently Ringwood and M ajor (1969) have found 
experim entally  that this phase transfo rm ation  is m ore com plicated than was 
previously  expected; they have indicated that olivine tran sfo rm s via spinel 
into a beta o r  sp inel-like  phase, and that at the sp inel-beta  phase reaction 
point a discontinuous change in density and m ineralogy occu rs. These effects 
a re  likely  to produce a f ir s t  o rd e r se ism ic  discontinuity n ear 400 km in the 
m antle . This evidence makes the possib ility  of m antle reflec tions, called 
PdP waves by Bolt e t a l. (1968), m ore p lausible. Recently a con troversy  has 
a risen  over the true  nature of the waves observed by W right and M uirhead, 
and by Bolt e t a l . ,  and this is d iscussed  in the next section.
9 .5  DISCUSSION.
This study of la te r  phases for a single event has dem onstrated 
that hand m easurem ents of re la tive  onset tim es can give good re su lts  for 
apparent velocities and azim uths of la te r  P phases as well as initial P . The 
co rre la tion  method described  by B irtill and Whiteway (1965) has been shown
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to be unsuitable for p rec ise  determ inations of d A/dT, but is very  useful in 
picking out sm all phases when the signal to noise ra tio  is sm all; the values 
of d A/dT obtained by this method probably have an e r r o r  of 15%, even when 
the signal to noise ra tio  is la rg e . A new co rre la tion  technique th a t appears 
to give m ore re liab le  m easurem ents of dA/dT and azim uth has been described 
by M uirhead (1968a), and is now being thoroughly investigated.
The im portance of the m easurem ents of dT/dA and azim uth 
for the p re c u rso rs  to PP  listed  in Table 9. 2 was s tre sse d  by Bolt and Q am ar 
(1969) in a le tte r  to the Editor of the Journal of Geophysical R esearch  com m ent­
ing on the paper by W right and M uirhead (1969). It is therefo re  pertinent at 
this stage to outline briefly  what Bolt et a l . (1968) have published on these 
unexplained signals, and then d iscuss th e ir  com m ents on our data. Bolt et al. 
have d iscussed  the h isto ry  of observations of unexplained a rr iv a ls  between 
P and P P  in the d istance range 105° -  110°. This phenomenon had been 
described  e a r l ie r  by Gutenberg (1960) and also by Hai (1963) who attributed 
som e of his observations to reflections of the PP  type from  the low er side of 
d iscontinuities in the upper m antle; others w ere explained in te rm s of upward 
reflection of the down-going P wave at a depth of about 920 km followed by 
downward reflection  from  the e a r th ’s su rface . Bolt e t a l. also considered 
the possib ility  that som e of these waves may have originated from  the outer 
boundary of the m ain transition  zone between the outer and inner co res, but 
concluded that waves of the PdP type provided a m ore probable explanation.
Bolt and Q am ar (1969) were in te rested  in the seven phases 
preceding PKiKP that a re  lis ted  in Table 9. 2 and in th e ir  T ab le l. On the 
PdP hypothesis of Bolt et a l . (1968) the phase A of Figure 9 .5  (the fifth 
p re c u rso r  of Table 9. 2) would be in terpreted  as a wave reflected  at a point 
alm ost sym m etrica lly  situated between Novaya Zem lya and WRA; according 
to Bolt and Q am ar the reflecting  lay er would be horizontal and at a depth of 
about 325 km (353 km according to the J-B  tables and 329 km according to the 
1968 Seism ological Tables for P Phases). S im ilarly  Bolt and Q am ar indicate
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that the fourth p re c u rso r of Table 9. 2 would be reflected  at a depth of about 
450 km, and that if this explanation is c o rre c t the m easured  slow ness should 
be a little  le ss  than the value fo r PP  7.1 sec /d eg ). The m easured  slowness 
is 6.1 sec /d eg . They also rem arked  that the explanation in te rm s of PdP 
s till deserves consideration owing to the uncertain ties in the estim ates of 
dT /d  A, and because corrections for c ru s ta l s tru c tu re  need to be applied.
This is tru e , but it m ust be pointed out that the s tru c tu re s  of Table 3. 3 o r 
s tru c tu re  5 of Table 4 .4  will always decrease  the m easured  value of dT/dA . 
F urther,the  values of dT/dA for the phases A and B of F igure 9. 5 were 
m easured  by the least-squares method and a re  therefo re  of high p rec ision .
The effect of the s tru c tu re  beneath the a rra y  is sufficiently well known to make 
it unlikely that the value of dT/dA for e ith e r phase is g re a te r  than 6.0 sec /d eg . 
T herefore phases A and B cannot be sa tisfac to rily  explained on the PdP 
hypothesis in its p resen t form , as the expected value of dT/dA is 7 .2  sec/deg; 
this argum ent obviously does not apply to the o ther p re c u rso rs .
It is believed that a large dip ex ists  in the boundaries of a low 
velocity lay e r in the upper m antle below cen tral C alifornia (Nuttli and Bolt, 
1969). It seem s plausible, therefo re , that the M -discontinuity and layers 
within the upper m antle, including the possible f ir s t  o rd e r se ism ic  discontin­
uity n ear 400 km, may have dips of severa l degrees o r m ore locally , thus 
producing asym m etric  reflections of the PdP type. The c o rre c t explanation 
of these p re c u rso rs  thus seem s m ost likely to be a combination of the original 
PdP and the dipping interface hypotheses, as indeed Bolt and Q am ar have 
rem arked . A detailed  study of these waves using one of the U. K. A. E. A.  type 
a rra y s  would be invaluable for elucidating any fine s tru c tu re  o r la te ra l 
variations in s tru c tu re  in the upper m antle. Bolt and Q am ar have also r e ­
ported that attem pts to co rre la te  p recu rso rs  to PP  in the 105° -  110° source 
window acro ss  the LASA in Montana have not been successfu l,even  though the 
signals were c lea rly  v isib le . It thus appears that only a medium apertu re  
device will yield sa tisfac to ry  resu lts  in this kind of study. Finally it is worth
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com m enting that it is significant that unidentified signals s till a rriv e  a fte r P P , 
but in the re v e rse  d irection . These waves may be associated  with reflection 
and sca tte rin g  of core phases reaching the surface between 106° and 180° 
from  Novaya Zem lya, and it is possible that th e ir  mode of production is 
re la ted  to that of the p re c u rso rs . When examining these signals and the p re ­
cu rso rs  to P P , it was noticed that if the ray  paths w ere projected  back to 
th e ir  apparent sources, these sources showed a tendency to c lu s te r around 
m ajo r tectonic features of the earth . The data w ere neither sufficiently 
accurate  nor sufficiently plentiful to enable any rea l significance to be attached 
to this trend  at this stage. N evertheless this feature should be looked for in 
future investigations .
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CHAPTER 10 
CONCLUSIONS
10.1 SUMMARY OF RESULTS.
The m ajo r objective in this th esis  has been to exam ine the 
evidence fo r the existence of inhomogeneities in the low er m antle . In 
addition some useful re su lts  for the upper m antle have been obtained, and 
the signal enhancing ability of a medium ap ertu re  a rra y  has been shown 
to be p a rticu la rly  useful in studying both upper m antle and core s tru c tu re . 
Throughout this work g rea t difficulties have been encountered because of the 
complexity of the local s tru c tu re  beneath the a rra y . No com plete explana­
tion of these irreg u la ritie s  has been possible owing to the inadequacy of the 
data available, but a technique for elim inating the effects of local s tru c tu re  
from  dT/dA  m easurem ents, as fa r  as possib le , has been described  and 
applied with som e degree of su ccess . B earing in mind the orig inal aim s of 
this work, it can be said w ith  confidence that these aim s have been largely  
fulfilled, in spite of the unsatisfactory  nature of the a rra y  s ite . M oreover, 
the problem  of co rrecting  dT/dA  values for local s tru c tu re  has a t leas t led 
to a b e tte r appreciation of the effects of this s tru c tu re  on dT/dA  m easu re ­
m ents. The principal resu lts  and conclusions will subsequently be examined, 
together with som e pertinent rem ark s  on the approach to the problem  when 
this is substantially  different from  that of o th e r w orkers, o r when there  is 
some unusual fea tu re . These com m ents can conveniently be divided into th ree  
sections: those concerned with (a) techniques and in terpre ta tion  in te rm s of 
local s tru c tu re , (b) in terpreta tion  in te rm s of m antle s t ru c tu re , and (c) 
fu rther applications of the a rra y .
(a) Techniques and Local S tru c tu re .
C hapter 2. An exam ination of the basic theory  of the m easurem ent 
of dT/dA  and azim uth has led to the adoption of a le a s t-sq u a re s  technique for 
p reparing  a se t of dT/dA  values. Random and possible sources of system atic
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e r r o r s  have been discussed  in detail, and the c r i te r ia  fo r selecting e a r th ­
quake and explosion data have been enunciated.
C hapter 3. An investigation of the effect of local s tru c tu re  at 
WRA on the m easurem ent of dT/dA  has shown that no sim ple c ru s ta l s tru c tu re  
can explain the complex pattern  of dT/dA  and azim uth anom alies, though the 
dT/dA  data indicate a predom inating southw esterly  dipping s tru c tu re . The 
existence of specific azim uth ranges for which the wave form s of the P 
a rr iv a ls  w ere unusual o r varied  from one se ism o m ete r to another, and for 
which the a rr iv a l tim es at the se ism om eters  of the red  line change abruptly, 
suggest that diffraction effects produced n ear the base of the c ru s t a re  an 
additional source of dT/dA  and azim uth anom alies. Thus, although it has 
been possible to provide a plausible explanation of the dT/dA  and azim uth 
anom alies, re liab le  co rrections to dT/dA  could not be obtained by any sim ple 
m athem atical approach. Finally, a technique called the method of projected 
planes has been devised to enable the regions of the c ru s t responsible for 
possible d iffracted  a rriv a ls  to be mapped; the princip le of this technique could 
be adapted to help in te rp re t the resu lts  of a se ism ic  reflection survey in the 
vicinity of an a rra y .
C hapter 4. Two methods of constructing  e ith e r a world average 
o r  a regional dT /dA  curve for the low er m antle have been described . The 
f ir s t  technique involves constraining the dT/dA  data fo r a specific azim uth 
range to a m odern trav e l-tim e  curve, so that each dT/dA  value in the range 
concerned is co rrec ted  by a constant amount. The second technique has been 
devised as a d ire c t re su lt of the work on the s tru c tu re  surface described  in 
C hapter 3. The dT/dA  data a re  grouped according to the dip angle and dip 
d irection of the apparent s tru c tu re  responsib le fo r the anom alies; this s tru c tu re  
is determ ined from  the azim uth anomaly and the ra tio  of the m easured  value of 
dT/dA  to that obtained from  a m odern trav e l-tim e  curve. Then an average 
s tru c tu re  for each group is calculated by vecto r sum m ation, and finally the 
dT/dA  values, co rrec ted  to f ir s t  o rd e r using the s tru c tu re s , a re  adjusted
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again using the f ir s t  method. Thus the second refined method seeks to reduce 
system atic  e r ro r s  by using a se r ie s  of plane dipping in terfaces to rep re sen t 
the local s tru c tu re ; the fine details of the dT /dA  curve a re  regarded  as 
perturbations of a dT/dA  curve derived by trav e l-tim e  stud ies. Both 
techniques yield s im ila r re su lts , but the refined method is an im provem ent.
To smooth the dT/dA  pro files, the two versions of the Method of 
Summary Values invented by Jeffreys have been used. The second of these 
involves locating th ree sum m ary points in an in terval in which th e re  is a 
m easurable cu rva tu re . I believe this second technique is su p erio r to the 
sim p ler method of locating two sum m ary points in each in terval, since it fails 
if the data a re  not capable of estim ating a cu rva tu re , and is therefo re  le ss  
a rb itra ry . It is also im portant to s tre s s  that a smooth curve, fitted e ith e r by 
the Method of Summary Values o r by the usual polynomial reg ress io n  technique; 
is not likely to provide an adequate rep resen ta tion  of d T /d A , owing to the 
possib ility  that every  velocity anomaly in the low er m antle produces a dupli­
cation o r  trip lica tion  in the dT/dA  curve.
(b) In terpreta tion  in T erm s of Mantle S tru c tu re .
C hapter 5. The Upper M antle. dT/dA  m easurem ents for two 
separate  provinces were made for the distance range 13.1° to 26 .8°. The 
tw o groups of two distinct branches of the dT/dA  curve associated  with regions 
of rapid velocity change near 400 and 620 km w ere identified, and the c ro s s ­
over points between the branches w ere found to be close to 20° and 24° fo r 
both p rovinces. Two pre lim inary  velocity m odels for the upper m antle were 
derived. In addition there  was some indication in the data of e ith e r regional 
differences in the detailed s tru c tu re  of the regions of high velocity gradients, 
o r a lternatively , that each of the transition  lay ers  is rea lly  two separa te  d is ­
continuities. The effect of focal depth on the re la tive  d isplacem ent of two 
overlapping branches of the trav e l-tim e  curve was considered . Finally, a 
method of exam ining the evidence for the p resence of two discontinuities near 
400 km and n ear 620 km was suggested.
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Chapters 6 - 8 .  The Lower M antle. dT/dA  m easurem ents for 
the d istance range 28° to 99° w ere presented  on a regional basis  in C hapters 
6 and 7, in an attem pt to estab lish  or deny the presence of velocity anom alies 
in the low er m antle. Seismic ray  theory  was used to study the form s of 
dT/dA  curve that could be produced by possib le velocity anom alies. Evidence 
for the existence of low velocity g rad ien ts, o r possibly a low velocity lay er, 
at a depth of about 820 to 860 km, was found fo r th ree d ifferent regions of the 
earth . There was also some evidence that th is anomalous region is m ore 
pronounced beneath the northern edge of the island of New Guinea, and an 
explanation of a low velocity lay er at such depths was advanced in te rm s of the 
eclogite s inker model d iscussed by Ringwood (1967). The dT/dA  data also 
suggested complexity of s tru c tu re  down to depths of at le a s t 1000 km. Sharp 
increases in velocity o r velocity gradient w ere identified at depths of about 
1200 km and 2350 km, and another possible rapid increase  was suggested at 
2735 km . In addition, very  slowly changing velocity gradients w ere found at 
depths of approxim ately 1070 to 1110 km, 1260 to 1330 km, 1750 to 1850 km 
and 2460 to 2600 km. Regional d ifferences in s tru c tu re  may p e rs is t  to 1200 km . 
The sharp  in c reases in velocity a re  alm ost certain ly  due to phase tran sfo rm ­
ations. The velocity model ANUW2, presented  in C hapter 8, also shows slight 
r  d vm axim a in -  __ ___  at depths of 1030, 1505 and 1900 km, but no distinct
v d r
anomaly is v isib le  in the dT/dA  data. There was little  evidence for the anomaly 
in dT/dA  n ea r 60° suggested by Johnson (1969) and Corbishley (1970), though 
the data close to 60° are sp a rse . A com parison was made of this study with 
o ther a rray , trav e l-tim e  and amplitude investigations, and a sum m ary of the 
main features of the s tru c tu re  of the low er m antle that have now been identified 
or tentatively suggested was given in Table 8 .7 . The presence of inhomogeneities 
in the low er m antle has therefo re  been estab lished , and a reasonably coherent 
p icture of low er m antle s tru c tu re  em erges when my own work is com pared with 
the evidence from  o ther recen t a rra y  investigations.
I be lieve  that the m ost significant advantage of my approach to the 
problem  of low er m antle s tru c tu re  is in analysing the dT/dA  data in groups
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corresponding to narrow  azim uth ranges, thus largely  elim inating the problem  
of azim uthal b ias. I would also like to em phasise the point that any velocity 
anomaly in the low er m antle is m ore likely to produce a trip lica tion  o r dupli­
cation of dT/dA  than a sim ple steepening of the dT/dA  curve. Another 
im portant consideration is the size of an a rra y . The advantage of using a 
medium apertu re  a rra y  is that dT/dA  is being averaged over a d istance in te r­
val of only 0. 2° to 0. 3°. However, with a la rge  apertu re  a rra y , dT/dA  is in 
effect being averaged over 2° to 3° , even when the varia tion  of dT/dA  with 
distance is allowed for. T herefore the dT/dA  data presented  in this thesis 
have shown that a medium apertu re  device is not only as useful as, but is in 
many ways preferab le  to, a la rge  ap ertu re  a rra y  in studying the s tru c tu re  of 
the e a r th 's  deep in te rio r, since sm all anom alies will not tend to be smoothed 
out acro ss  an a rra y  with an apertu re  of only about 25 km.
(c) F u rth e r Applications of the A rra y .
C hapter 9. The ability  of an a rra y  to enhance a signal at the 
expense of noise was used to study the identified phases and o ther coherent 
signals following P for a large nuclear explosion in Novaya Zemlya at a distance 
of 106°. This work enabled dT/dA  m easurem ents for p re c u rso rs  to PP  in 
the 105° < A < 110° source window to be obtained, and an explanation of 
th e ir origin was advanced in te rm s  of asym m etric  reflections at the surface 
of the earth , the base of the c ru s t, o r at deeper d iscontinuities. The a lte rn a ­
tive explanation of these waves is the PdP hypothesis of Bolt e t a l. (1968), 
and at p resen t a combination of both explanations seem s to be c o rre c t. The 
phased a rra y  was also used to identify and study core phases; in p a rticu la r, 
the phase P cP P cP  and four branches of the PKKP trav e l-tim e  curve were 
identified.
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10.2  RELATIONSHIP TO CURRENT RESEARCH IN OTHER BRANCHES OF 
GEOPHYSICS AND GEOCHEMISTRY.
C urrent re sea rc h  into phase transfo rm ations and the chem ical 
com position of the m antle has enabled the two m a jo r d iscontinuities within the 
upper m antle to be explained in te rm s of phase transfo rm ations in an assum ed 
pyrolite upper m antle, in which the low p re ssu re  silica te  phases tran sfo rm  to 
denser s tru c tu re s  involving sixfold coordination of the silicon . The phase 
transform ations likely to occur near 400 km have been estab lished  by d irec t 
experim ent, but those 1 ikely to occur near 620 km have been in ferred  indirectly , 
la rgely  by studying phase transform ations in germ anate analogues. At p resen t 
the static  experim ental techniques enable p re ssu re s  of 200 kb, corresponding 
to a depth of about 600 km in the m antle, to be developed (see Ringwood,
1969 a, b, Ringwood and M ajor, 1969). Consequently fo r h igher p re s su re s  
only shock wave experim ents can be used, and these do not provide any infor­
mation on the s tru c tu re s  of high p re ssu re  phases. T heir main application is 
in identifying phase changes in s ilica tes , and in providing inform ation on the 
equations of state  of the high p re ssu re  phases (Ahrens, Anderson and Ringwood, 
1969). Thus a t p resen t, experim ental work indicates that phase transfo rm ations 
probably occur in the low er m antle, but th e ir  exact nature is not yet known.
The identification of P wave velocity anom alies in the low er 
m antle will no doubt help to reso lve the controversy  as to w hether there  is 
any need to postulate an increase  in the F e /(F e  + Mg) ra tio  throughout the 
m antle. Anderson (1967a, 1968) and P re ss  (1968), fo r exam ple, have suggested 
that a twofold in crease  in this ra tio  is required  ac ro ss  the two transition  zones 
in the upper m antle . Ringwood (1969b), however, has pointed out that a change 
in iron content with depth is not essen tia l to achieve consistency between phase 
changes and accompanying velocity changes in a pyro lite  upper m antle .
The extent to which the assum ption of spherica l sym m etry  in the 
earth  is true  is s till not known. The system atic  e r ro r s  in dT/dA  and azim uth 
observed for WRA, and the e r ro r s  in dT/dA  observed at the LASA in Montana, 
could be partly  due to la te ra l variations in upper m antle s tru c tu re . The
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problems of seismic ray theory need to be re-examined in relation to plate 
tectonics and geoid undulations.
10.3 SUGGESTIONS FOR FUTURE WORK IN ARRAY SEISMOLOGY.
An elaborate reflection survey in the Tennant Creek area, together 
with an extensive gravity survey, is really required to elucidate the crustal 
complexities of the WRA site. Unfortunately, a small scale refraction experi­
ment is unlikely to yield much valuable information, and only an expensive 
reflection programme, supplemented by refraction data, would enable a clearer 
understanding of the local crustal structure to be achieved.
A detailed study of the upper mantle in the Australasian region 
should be undertaken with an emphasis on detecting regional differences in 
structure and trying to correlate any such differences with tectonic processes, 
particularly for the region to the north of the Australian continent. Explosions 
are required to investigate the structure of the uppermost 200 km of the mantle.
It is also important to find out whether the splitting of each of the two transition 
layers at depths of about 400 and 620 km into two separate discontinuities, 
tentatively suggested in Chapter 5, is real. For the lower mantle more dT/dA 
data for the distance ranges 37° to 42° and 67° to 73° are required, both for 
the west Pacific margin and for other regions, to ascertain whether there 
really are dT/dA anomalies at about 40° and 70°. A systematic search for 
second arrivals associated with the anomalous regions near 1200 km and 2350 
km would also be worthwhile, and would enable model ANUW3 to be refined.
The properties of the bottom 300 km of the mantle are not yet fully understood, 
so that dT/dA data from events over the distance range 83° to 100° are required, 
especially for the region beyond 88°. Such an investigation would also involve 
an examination of dT/dA for PcP waves . Unfortunately, the number of large 
events recorded at WRA at distances between 88° and 100° is small, though the 
other U .K .A .E .A . arrays record numerous events over the same distance
range.
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Using la rge  events at distances between 100° and 110°, it is 
im portant to follow up the work of Chapter 9 with m ore trav e l-tim e  and dT /dA  
m easurem ents of p recu rso rs  to PP  to obtain a m ore com plete explanation of 
th e ir  orig in . Some work of this nature has already been s ta rted  by D r. R .M . 
Clowes using a WRA record  of a la rg e  earthquake in the South Sandwich Islands. 
Many of these p recu rso rs  a re  p resen t, but th e ir  a rriv a l tim es do not show 
much resem blance to those of the Novaya Zemlya explosion discussed  in 
Chapter 9 (R.M . Clowes, personal communication, 1970). This seem s to be 
evidence against the PdP hypothesis of Bolt e t a l . (1968), at le as t in its orig inal 
form . Events in the sam e distance range should also enable the d istance at 
which PKiKP (or PKIKP) waves are  no longer observable to be determ ined 
using the co rre la tio n  technique. A medium apertu re  a rra y  can also be used to 
look for PKJKP, PKIIKP, PKKKP and o ther unusual phases. The problem  of 
dT/dA  m easurem ents for the various branches of PKP has so fa r received 
little  attention. The s tru c tu re  of the core should now be examined using an 
a rray , to reso lve the d iscrepancies between the core m odels of Bolt (1964), 
Adams and Randall (1964) and Ergin (1967), and to check with dT/dA  m e asu re ­
m ents whether the various PKP branches identified by Bolt (1968) are  c o rre c t. 
It might also be possible to examine core s tru c tu re  using PKKP phases; this 
approach could be especially  useful for an a rra y  such as YKA, for which there  
is no m ajo r seism ic  zone at distances between 130° and 150°.
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A study of the travel time gradients, d7’/dA, for P waves recorded at the Warramunga Seismic Array has been made 
over the distance range 32.8° to 43.6° using thirty earthquakes occurring in the Mariana Islands and surrounding re­
gions. It was found that dT/dA increases with increasing distance between 32.8° and about 35°. This is interpreted in 
terms of a low velocity zone, at a depth of approximately 800 km, which becomes thicker towards the north. Ring- 
wood and Green have proposed that large blocks of eclogite can be introduced into the mantle in tectonic regions. The 
accumulation of these eclogite sinkers below areas of tectonic activity may be responsible for this low velocity layer.
1. INTRODUCTION
In their study of P wave velocities in the mantle be­
low 700 km, Chinnery and Toksöz [1] measured the 
slope of the travel time curve, dT/dA, over the distance 
range 27°—90° using the LASA array in Montana.
Their velocity-depth model shows an anomalous region 
at a depth of about 800 km where the velocity changes 
slowly with depth. They remarked that the preliminary 
evidence available suggests that the velocity actually de­
creases with increasing depth. Their dT/dA curve flat­
tens close to 32°, but they had no good data between 
about 32° and 37°. Bugayevski [2] has presented evi­
dence of a discontinuity in the travel time curve at 
36°— 37°. Gutenberg [3] found a minimum in the P 
amplitude curve close to 35°. Since, over a limited dis­
tance range, the amplitude is proportional to 
Vld27’/dA2|, a flattening of the dT/dA curve should 
coincide with a minimum in the amplitude curve. 
Carpenter et al. [4], however, found a sharp peak in 
the amplitude curve between 33° and 36° followed 
by a slight minimum between 36° and 39°.
In view of the interest of the region of the dT/dA 
curve between 30° and 40°, a study of dT/dA has 
been made for P arrivals from thirty earthquakes oc­
curring in the Mariana Islands and surrounding regions,
recorded on the Warramunga Seismic Array (WRA), 
near Tennant Creek in the Northern Territory of 
Australia. These events correspond to a distance 
range of 32.8° to 43.6° and an azimuth range of 11.9° 
to 25.6°.
2. PROCEDURE
The values of apparent velocity, dA/dT, and azi­
muth were calculated using a least squares fit to rela­
tive onset times measured in the manner described by 
Wright and Muirhead [5]. For a study of this kind 
the effect of the local structure beneath the array on 
the P arrivals makes it essential to use a narrow range 
of azimuths. However, structures have previously been 
determined for correcting dT/dA for the azimuth 
ranges 345 ± 10° and 25 ± 5°. The problems encount­
ered in deriving accurate values of dT/dA are exten­
sively discussed by Niazi [6], Cleary et al. [7] and 
Wright and Muirhead [5].
The crustal model derived by Cleary et al. [6], to 
give corrections to dT/dA and azimuth for Aleutian 
Islands events at distances close to 80° and at azimuths 
of 25° ± 5°, gave corrections to dT/dA that were too 
small and azimuth corrections that were slightly too
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large when Mariana Islands earthquakes were used. 
For this reason a crustal model involving a single 
dipping interface within the crust, to give approxi­
mate corrections to dT/dA, was derived in the follow­
ing way: seven clear records of shallow events were 
selected, corresponding to distances of between 36.0° 
and 43.6°; the effects on apparent velocities and azi­
muths of a number of different structures with velo­
city contrasts of 0.7 were investigated. The best 
structure was taken to be that which gave corrected 
azimuths closest to the true azimuth, and apparent 
velocities closest to the values obtained by Cleary 
and Hales [8] for this distance range. This structure 
differs from the model of Cleary et al. by 20° in dip 
direction and 0.5° in dip angle, and is given below.
Table 1
Dip
direction
(deg)
P  velocity 
in lower 
medium 
(km/sec)
P  velocity 
in upper 
medium 
(km/sec)
Dip
angle
(deg)
215.0 6.0 4.2 7.0
Thus, in deriving this crustal model, it has been as­
sumed that the form of the dT/dA curve beyond 36° 
was in good agreement with that of Cleary and Hales.
For an earthquake occurring at depth h and epi- 
central distance A, the value of dT/dA measured at 
an array will correspond to an adjusted distance Ao, 
where Aq is measured from the point where the ex­
tension of the ray path beyond the focus reaches the 
surface. For array measurements of dT/dA it is pref­
erable to adjust all distance measurements to corre­
spond to Ao, and this procedure has been adopted 
for all earthquakes used in this paper.
[The values of Ao were calculated using an as­
sumed crustal and upper mantle structure for shallow 
events, or using the extended distance tables of Hodg­
son and Storey [9] for earthquakes occurring at depths 
greater than 60 km.]
3. RESULTS
The measured values of dT/dA were systematically 
high, and the azimuth anomalies were positive, in
( a )  CLEARY AND HALES
( b )  JEFFREYS AND SULLEN
o DENOTES DATA FROM EVENTS AT DEPTHS GREATER THAN 1 3 0  KM
STANDARD ERRORS IN dT/di MEASUREMENTS VARY BETWEEN 0  0 4 5  A N D  
0 - 1 1 4  SEC DEG
DISTANCE, deg
Fig. 1. Corrected values of dT/dA for thirty earthquakes in the Mariana Islands and surrounding regions.
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qualitative agreement with the results for Aleutian 
Islands earthquakes. The corrected values of dT/dA 
for thirty events are displayed graphically in fig. 1; 
three or four independent measurements of dT/dA 
have been made for each event. The values of dT/dA 
show considerable scatter, especially beyond 40°, 
which is reduced when the deeper focus events are 
removed. This scatter does not appear to be azimuth- 
dependent. The remarkable feature of the results is 
that dT/dA increases with increasing distance from 
32.8° reaching a maximum at about 34°; then dT/dA 
starts to decrease again beyond 35°. The effect of 
crustal corrections on the maximum in the dT/dA 
curve is negligible. Thus there is an anomalous region 
of travel time gradients between 32.8° and 35.0°.
The important consideration is that if dT/dA in­
creases with increasing distance, the Herglotz-Wiechert 
method of deriving velocity-depth distributions breaks 
down.
4. INTERPRETATION
If the dT/dA curve flattens over a limited distance 
range it is clear that the P wave velocity must either 
increase very slowly or decrease slightly with increas­
ing depth. Further, if the velocity decreases with depth 
continuously and sufficiently rapidly, r/v increases with 
depth (where r is the distance from the centre of the 
earth and v is the velocity), and the Herglotz-Wiechert 
method formally breaks down. It would thus appear 
that the increase in dT/dA with increasing distance 
must be interpreted in terms of some kind of low velo­
city layer close to 800 km. Dowling and Nuttli [10] 
have indicated that a significant low velocity layer may 
manifest itself either as a shadow zone or as an over­
lap of two distinct branches of the T-A curve. The dev­
iations of the travel times from the J-B times [11] are 
shown graphically in fig. 2. There is certainly no def­
inite evidence of a break in the travel time curve, al­
though three events close to 33° have late arrivals with 
respect to J-B, whereas all others at distances less than 
40° tend to arrive early. Each event between 32° and 
36° was examined for second arrivals. Three events 
showed what might be a second arrival about two sec­
onds after P.
In order to explain the increase in dT/dA, together 
with the absence of any significant change in J-B resid­
ual or any second arrivals, it is first assumed that the 
rate of increase of velocity with increasing depth be­
low the low velocity layer is sufficiently great to 
cause two overlapping branches of the T-A curve. 
Following Dowling and Nuttli, the travel time curves 
for low velocity layers of differing thicknesses would 
appear as in fig. 3, where lines A and D correspond to 
the thinnest and thickest layers respectively. Now 
suppose that the low velocity layer near 800 km be­
comes thicker towards the north. Then the travel 
times between 32° and 36° might appear as shown 
by points 1 to 6 in fig. 3. From fig. 1 it is clear that 
the increase in dT/dA between 32.8° and 34.3° is 
about 0.3 sec/deg spread over 1.5°. Assuming this 
occurs over the interval represented by points 1 to 4 
in fig. 3, the total offset of the travel time curve be­
tween point 4 and the continuous curve XYZ is less 
than 0.45 sec. Between points 4 and 6, dT/dA starts 
to decrease again in the normal fashion. Note that the 
slope at any point on line D is less than that of the 
tangent at Y. Let the J-B residual at Y be t. Between 
32.8° and 34.3° the J-B dT/dA curve decreases by 
only 0.08 sec/deg. Then at point 4 in fig. 3, the J-B 
residual will be less than t + 0.6 sec. Thus the in­
crease in dT/dA found by the array measurements is 
far too small to be detected by measuring travel 
times. It appears that the low velocity layer respon­
sible for these results is either very thin or involves 
a rate of decrease of velocity only just above zero; 
further, the increase in dT/dA with increasing dis­
tance is adequately explained if the layer becomes 
thicker towards the north.
5. DISCUSSION
The P waves from the Mariana Islands earthquakes 
at distances of 32.8° reach their maximum depth im­
mediately below the northern edge of the Central 
Highlands of the island of New Guinea (fig. 4). Ring- 
wood and Green [12], on the basis of experimental 
work on the gabbro-eclogite transition, concluded 
that eclogite is thermodynamically stable under the 
P,T conditions in the normal continental crust, pro­
vided the partial pressure of water vapour is low.
Thus large crustal intrusions and extrusions of gabbro 
and basalt may ultimately transform on cooling into 
bodies of eclogite. Such bodies, if large enough, would
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Fig. 2. J-B residuals for events used in fig. 1.
subside into the mantle because of their high density; 
this density is also substantially greater than the mean 
density of the ultramafic upper mantle. So a mechan­
ism has been proposed by which large blocks of eclo- 
gite might be introduced into the mantle, and would 
start to sink slowly into the deeper regions.
Ringwood [13] has suggested that a pyroxene- 
garnet transition occurs in the mantle between 350 
and 400 km. As a consequence of this transition an
DISTANCE , deg
Fig. 3. Sketch of T-A curves for a wedge-shaped low velocity 
layer near 800 km that becomes thicker as the distance from 
the recording station increases.
eclogite sinker would continue to fall through the 
mantle as garnetite to a depth of at least 700-800 km. 
According to Ringwood, whether these sinkers subside 
any further depends on the sequence and properties of 
other phase transitions that are not yet well established. 
It is possible that somewhere in this region of the 
mantle a garnet-ilmenite or garnet-perovskite transfor­
mation takes place (Ringwood and Major [14]). At 
about 620 km the velocity of P waves increases rapid­
ly (Johnson [15], and Green and Hales [ 16]); at this 
depth the spinel form of magnesian olivine may trans­
form to a material having approximately the proper­
ties of the component oxides (Anderson [17]), or to 
ilmenite, perovskite and other dense structures (Ring- 
wood [13]). Provided the garnet-ilmenite transfor­
mation occurs well below 800 km, the garnetite 
blocks might be expected to accumulate at a depth 
somewhere between 620 km and 800 km or so. An­
derson [17] has indicated that a garnet content of 
10% below 620 km in the mantle would reduce the 
P wave velocity by 0.2—0.6 km/sec. It appears that 
a low velocity layer at a depth of about 800 km could 
result from an increase in garnet content with in­
creasing depth. Thus it is suggested that this low ve­
locity layer below New Guinea results from the accu­
mulation of eclogite sinkers originating in the eugeo- 
synclinal zone to the north.
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6. CONCLUSIONS
It has been inferred that an increase in dT/dA be­
tween 32.8° and 34.3° is due to a low velocity zone 
at a depth of about 800 km, which lies immediately 
below the northern part of the Central Highlands of
western New Guinea; this low velocity zone possibly 
becomes thicker towards the north. The measure­
ments of dr/dA have also demonstrated how relative 
onset times of high precision, measured across a small 
array, can be used to investigate the fine structure of 
the mantle, provided that adequate allowances can be
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made for the crustal and upper mantle structure be­
neath the array. Moreover, the results give some sup­
port to the hypothesis of Ringwood and Green that 
eclogite sinkers may be introduced into the mantle 
during an orogenic cycle. It is now important to es­
tablish whether this low velocity zone is a world wide 
phenomenon or merely a local effect beneath certain 
regions of tectonic activity.
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Summary
Measurements of dT/dA across the Warramunga seismic array are 
perturbed by variations in the structure beneath the array. On the 
assumption that the structure consists of uniformly dipping interfaces, an 
estimate of the effect was obtained by combining data from opposite 
azimuths. The results were not entirely satisfactory, however, because of 
the over-simplicity of the model. It seems likely that accurate array 
determinations of dT/dA can only be obtained by ‘ calibrating ’ the array, 
using events at distances for which dT/dA is already well known.
Introduction
The Warramunga seismic array was first put into operation in 1965 October, 
in time to record the nuclear explosion Longshot. When the array records of this 
event were analysed, they provided a measurement of the P travel time gradient 
dT/dA across the array, which was about 11 per cent lower than that predicted by 
the Jeffreys-Bullen travel time curve. Studies by Cleary & Hales (1966) and by 
Carder et al. (1966) indicated that the J-B value for dT/dA was in error by less than 
1 per cent at this distance. It seemed probable, therefore, that the discrepancy was 
due to crustal structure beneath the array, and it was decided to obtain a first approxi­
mation to this structure by means of the data from Longshot and some selected 
earthquakes.
Although the results described here are only of a preliminary nature, it seemed 
worthwhile to present details of the method of approach, and of the difficulties 
encountered. The use of arrays in dT/dA studies is increasing, and the considerable 
effect that local structure may have on the measurements is perhaps not yet fully 
appreciated.
The Warramunga array (WRA)
WRA is a U.K.A.E.A. array near Tennant Creek, Northern Territory, Australia, 
operated by the Australian National University. It consists of twenty seismometers 
arranged in two arms which are approximately 22 km in length and roughly at right 
angles to each other (Fig. 1). Signals from each seismometer are telemetered to a 
central recording station and recorded simultaneously on magnetic tape. The 
telemetry system is similar to that of the Yellowknife array, which has been described 
in detail by Keen et al. (1965).
The array is situated on granite outcrops of the lower Proterozoic Warramunga 
Geosyncline, and is about 500 km from the nearest part of the Australian coast.
2 !
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F ig . 1. The Warramunga seismic array.
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F ig . 2. Noise spectra at WRA, uncorrected for seismometer response. 100 units on 
the amplitude scale corresponds to 10 m/i/s.
The effects o f local structure 23
The noise level is correspondingly low, although the degree of microseismic activity 
is still noticeably affected by low pressure atmospheric systems near the coast. Each 
seismometer is operated at a displacement magnification of about 250 000. Typical 
noise spectra observed on ‘ quiet ’ and ‘ noisy ’ days are shown in Fig. 2.
A computer system for automatic digital processing of the magnetic tape records 
from WRA has been put into operation at the Australian National University, and 
has been described in some detail by Muirhead & Newstead (1968).
Previous work
Niazi & Anderson (1965) calculated values of dT/dA across the Tonto Forest 
array (TFSO), using data from earthquakes at epicentral distances between 12° and 
30°. TFSO consists of two lines of seismometers in the form of a cross, each line 
being approximately 10 km long. Their values of dT/dA were subject to a scatter 
of about 1 s/deg, most of which may be attributed to an uncertainty of up to 0T s 
in the measurements of arrival times upon which their calculations were based.
Later Niazi (1966) considered the effect of a dipping M-discontinuity beneath 
TFSO. He constructed tables of the deviations in dT/dA and azimuth which would 
be produced by a dipping interface, and compared them with deviations actually 
observed in these parameters from events at distances between 40° and 85°. In this 
way he calculated a structure beneath the array which was in reasonable agreement 
with that found by a refraction survey of the area.
Chinnery & Toksoz (1967) studied dT/dA  across the LASA array from earth­
quakes northwest of the array in the distance range 27° to 90°. The breadth of 
LASA is about 200 km, so that although arrival times were measured only to the 
nearest 0T s, as they were at TFSO, the precision of the dT/dA determinations was 
an order of magnitude greater. To compensate for systematic errors due to structure 
beneath the array, Chinnery & Toksoz ‘ calibrated ’ their dT/dA curve by comparing 
a derived travel time curve with data from the Longshot nuclear explosion. This 
device was not entirely successful, because the Longshot data were themselves biased 
by azimuthal variation in the source term (Cleary 1967). The earthquake data are 
sparse in some distance ranges from LASA, indicating the need for additional 
information from arrays in other locations.
Measurement techniques at WRA
It has been seen that the large dimensions of the LASA array give it a consider­
able advantage over smaller arrays in the determination of dT/dA. The aperture 
of the WRA array is about one-tenth that of LASA; therefore in order to determine 
dT/dA with similar precision it was necessary to find a means of measuring times to 
an accuracy of about 0-01 s. It is virtually impossible to measure P  onset times to 
this accuracy. On the other hand, if the P-waves recorded at each pit are matched 
with each other the measurement of relative P times to 0 01 s becomes quite feasible. 
Accurate measurement of the relative arrival times of surface waves by matching 
waveforms has been a common technique in the calculation of the phase velocities 
of surface waves across tripartite arrays since the method was first described by 
Evemden (1958). Matching P-waves having periods of about 1 s to an accuracy of 
0-01 s is no more difficult than matching surface waves with periods of 20 s and 
greater to an accuracy of 0-2 s, provided a sufficiently expanded time scale is used.
The relative merits of various matching techniques are still being studied. The 
method used for the present study was a manual technique, which has been illustrated 
by Longshot records in Fig. 3. The procedure is as follows:
1. Magnetic tape records of the event from each pit are transcribed on to paper, 
at a speed of about 40 mm/s.
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Bl i—
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F ig . 3. Matching technique for determining relative arrival times at each pit. From 
the record at pit R4 (a), a family of curves with different amplitudes is constructed 
(b), and matched with the records at the other pits (c), (d).
2. In order to compensate for variations in amplitude between records, the P- 
waves from one record are used to construct, on transparent paper, a family of 
curves having a range of amplitudes.
3. Using this paper as an overlay, the curves are matched with the P-waves 
recorded at each pit. The part of the record found to be most suitable for accurate 
matching is the section between the first peak and the first trough of the P train. 
Measurements made in this way were repeatable to better than 0-01 s.
The desirability of using a technique involving direct computer processing of the 
magnetic tape data is obvious. It has been found that the correlation method of 
Birtill & Whiteway (1965) gives results inferior in precision to the manual method 
described above. However, more promising results have been obtained recently 
using a new technique developed by Muirhead (1968).
Results
Five events were chosen for this preliminary study. They include the Longshot 
explosion and three earthquakes in the Aleutian Islands, at distances between 79-4° 
and 84-7° from WRA, and an earthquake south of Africa at a distance of 84-0°. 
The azimuth of the last event from the array was approximately opposite to those of 
the Aleutian Islands.
The relative times of arrival at the individual array seismometers were measured 
in the manner described in the preceding section, and were compared with J-B
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F ig. 4. P travel time residuals from J-B at WRA. The baseline is arbitrary for each 
event, and has been adjusted to bring the residuals along the ‘red’ line into 
approximate correspondence.
times on the assumption that the U.S.C.G.S. locations were correct. The residuals 
(on an arbitrary baseline) are shown in Fig. 4. Certain features are worth noting:
1. The trend of the residuals is in the same direction for opposite azimuths, 
indicating that the deviations are caused by a structure dipping to the southwest, 
rather than by errors in the J-B times.
2. The trend is not linear, although it is roughly symmetrical along both lines 
with respect to the crossover point of the array. This suggests that the structure 
consists of a series of monoclinal folds striking northwest. However, the possibility 
that these departures from linearity have been produced by small variations in the 
instrumental constants cannot be discounted at this stage.
3. The residuals from the South of Africa event are similar to those from the 
Aleutian Islands events except at pits Rl, B1 and B2 near the crossover point, where 
they correspond to earlier arrivals. It would be desirable to confirm these discrepant 
observations by means of readings from other events to the south of the array. It 
seems likely, however, that the dipping interface rises abruptly in the vicinity of the 
crossover point, so that waves travelling to pits R l, B1 and B2 from the south pass 
through a structure that is not continuous with that traversed by waves approaching 
from the north. For this reason, readings from these three pits were excluded from 
further analysis of the South of Africa event.
Underwood et al. (1968) have described a seismic experiment which involved 
firing an explosive charge in a mine close to the array. From an analysis of arrival 
times from this shot, Underwood (1968) has inferred the presence of a structure 
immediately beneath the array, which he estimates as a first approximation to dip 
5° in a direction 200°E of N. It is likely that this structure is mainly responsible for 
the observed deviations in the residuals.
Niazi (1966) has provided equations for calculating the effect of a dipping inter­
face on the dT/dA and azimuth of an incoming wave. With the aid of tables con­
structed from these equations, data from earthquakes at almost equal distances and 
at opposite azimuths from the array can be used to separate the effects of structure
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beneath the array from errors in the J-B tables, in much the same way that ‘ split 
spreads ’ are used in refraction seismology.
The relative arrival times at each pit were used to calculate a value of dT/dA and 
an azimuth of arrival at WRA for each event. These are compared in Table 1 with 
values calculated from U.S.C.G.S. locations and J-B tables. Assuming a standard 
deviation of 0-01 s on each arrival time, standard errors of the dT/dA and azimuth 
computations were calculated for each event, in the manner described by Kelly (1964). 
In each case, standard errors of about 0-4° in azimuth and about 0-1 s/deg in 
dT/dA were obtained.
Using Niazi’s equations, corrections to dT/dA  and azimuth were calculated for 
a number of structures having various dip angles and dip corrections. The structure 
giving the closest approximations to the U.S.C.G.S. azimuths, together with reason­
able correspondence between values of dT/dA from the events in both azimuths, 
was as follows:
Dip angle = 6-5°
Dip direction =  235°
Velocity ratio =  0-7
The ‘ corrected ’ dT/dA and azimuth values, based on this structure, are also 
given in Table 1. The errors in azimuth, after this compensation for structure, are 
between 0-5° and Tl°. The values of dT/dA are displaced by about 0-1 s/deg from 
the J-B values (Fig. 5). As mentioned earlier, the values found for dT/dA in this 
distance range by Cleary & Hales (1966) and by Carder et al. (1966) are in very good 
agreement with J-B, so this discrepancy probably represents a systematic error in 
the analysis due to some inadequacy in the model.
The dip angle and dip direction of the structure are in broad agreement with the 
results of Underwood, mentioned earlier. However, the structure gives a rather 
poor fit to Underwood’s data. It is therefore likely that the model involving a 
single dipping interface is too simple. An attempt to obtain a more realistic solution 
was made by extending the model to include a dipping Mohorovicic discontinuity 
in addition to Underwood’s structure. The following two-layer structure gave the 
best fit to the data:
Interface I Interface II 
(Underwood 1967)
Dip angle 5-3° 7-8°
Dip direction 205-5° 246-0°
Velocity ratio 0-9 0-7
Distance (deg)
F ig . 5. dT/d& at WRA from five events between 79° and 85°, after compensation for 
structure (see text). The Jeffreys-Bullen d T /d \  curve is shown for comparison.
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This structure and the single-layer model give corrected values of dT/dA that 
fit the data equally well. Because of the low velocity contrast in Underwood’s model, 
most of the effect has been transferred to the second layer. It seems probable that 
this solution is less realistic than the first one. However, it would be pointless to 
revise the model further without a more detailed study of the structure immediately 
beneath the array.
The next stage of the investigation was to establish whether the calculated 
structure gave valid results for events from other azimuths. A preliminary study has 
indicated that for some azimuths the corrections obtained from the structure are 
of the right order of magnitude. However, a disturbing result was obtained by 
Wright & Muirhead (1968) from their examination of the WRA recordings of 
diffracted P from a large nuclear explosion at Novaya Zemlya. This event differed 
in azimuth from the Aleutian Islands events by about 40°. Using a reliable value of 
dT/dA for diffracted P obtained by Sacks (1967), the authors calculated a structure 
which differed from the one given here by about 4° in dip angle and 80° in dip direc­
tion. It follows from this result that the assumption of uniformly dipping interfaces 
is not valid for all azimuths, and hence that the structural effect cannot be properly 
deduced from observations in opposite azimuths. This would account for the 
discrepancy between the ‘ corrected ’ and expected values of dT/d A noted above.
Finally, then, a single-layer structure was calculated from the Aleutian Islands 
events on the assumption that the J-B dT/dA curve is correct between 80° and 85°. 
For all four events, the corrections derived from the model gave azimuths within 0-5° 
of the true azimuths, and values of dT/d A within 0-07 s/deg of J-B. A structure 
was also calculated from the South of Africa event. The two structures are as follows:
Aleutian Islands S. of Africa 
Dip angle 6-0° 7-0°
Dip direction 243-0° 230-0°
Velocity ratio 0-7 0-7
It should be emphasized that these are simply formal solutions, which give at 
best only an approximation to the true structure. Nevertheless they should be useful 
in providing corrections to data from the same azimuths but at different distances.
Conclusions
The attempt to account for the discrepancies in measurements of dT/d A and 
azimuths at WRA in terms of uniformly dipping structures has met with only partial 
success. The ‘ reversal ’ technique provides only an approximate correction for 
structure, and is therefore not suitable for obtaining accurate determinations of 
dT/d  A. A more satisfactory approach is to ‘ calibrate ’ the array for a particular 
azimuth using observations at distances for which dT/d A is accurately known, and 
then to apply this calibration to measurements of arrivals from the same azimuth 
but different distances. The variation from the simple structural model is so pro­
nounced that its cause is probably not close to the surface, and it is possible that it 
resides in the upper mantle. If this is so, then local seismic surveys will not provide 
sufficient information for complete corrections to be made. It follows that results 
from this and other arrays are subject to an uncertainty which, it seems, can only be 
resolved by reference to travel-time data obtained in the traditional manner.
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Longitudinal Waves from the Novaya Zemlya Nuclear Explosion of 
October 27, 1966, Recorded at the Warramunga Seismic Array
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K. J. M uirhead
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Canberra, Australia
The apparent velocity and azimuth of P from the Novaya Zemlya nuclear explosion of 
October 27, 1966, have been measured for the Warramunga array and have been used to work 
out possible crustal structures for correcting measured apparent velocities and azimuths in the 
azimuth range 335° to 355°. Comparison of the measured apparent velocities and azimuths for 
seven earthquakes at different distances, but at similar azimuths to Novaya Zemlya, has shown 
that the computed structures give satisfactory corrections. Measurements of apparent velocity 
and azimuth have been used as an aid in identifying the phases PKiKP, PP, PcPPcP, 
PKKP, PcPPKP, and PKPPKP in the explosion record; similar measurements have been 
made for coherent signals not corresponding to any of the conventional phases.
I n t r o d u c t io n
The Warramunga Seismic Array (WRA), 
near Tennant Creek in the Northern Territory 
of Australia, consists of twenty short-period 
vertical component seismometers arranged in 
two lines of ten, 22.5 km long and approximately 
at right angles to each other. All data are re­
corded on magnetic tape and can readily be 
transcribed onto paper. The apparent surface 
velocities, dA/dT, and azimuths of P waves 
from teleseisms recorded at WRA show syste­
matic differences from the true azimuth and the 
Jeffreys-Bullen (J-B) apparent velocities; these 
discrepancies are believed to be due to a dipping 
Mohorovicic discontinuity and other dipping 
interfaces within the crust.
An important application of an array of 
short-period vertical component seismometers 
is the determination of a velocity-depth distri­
bution for P waves throughout the whole of 
the earth’s mantle. The measurements of dA/dT  
need, however, to be corrected for the effects 
of structure beneath the array. The apparent 
velocities and azimuths have been calculated by 
means of a least-squares program designed by 
E. W. Carpenter and written by B. S. Gopala-
Copyright © 1969 by the American Geophysical Union.
krishnan. This least-squares method has been 
summarized by Otsuka [1966a, 6], A subrou­
tine has been added to the least-squares pro­
gram that calculates the standard errors in ve­
locity and azimuth by using the formulas given 
by Kelly [1964]. An alternative, but less pre­
cise, means of velocity and azimuth determi­
nation is a correlation method, which has been 
described by Birtill and Whiteway [1965], 
Niazi [1966] considered the effect of a dipping 
M discontinuity on measurements of the param­
eter dT/dA  and azimuth. By using the theory 
outlined in Niazi’s paper, a computer program 
has been written that will work out the effect 
on apparent velocity dA/dT  and azimuth of 
any combination of dipping interfaces for a 
seismic event whose azimuth and distance are 
accurately known. The time residuals for each 
seismometer of the array are also calculated.
The Novaya Zemlya nuclear explosion of 
October 27, 1966, at a distance of 106.0°, was 
well recorded by the array, and a number of 
later phases as well as P were visible. The high 
quality of the record of P, together with accu­
rate knowledge of the expected apparent ve­
locity of diffracted P, makes this explosion ideal 
for determining a crustal structure beneath the 
array. Discussion of possible crustal structures
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and corrections to apparent velocities and azi­
muths constitute the first part of this paper. 
The second part is concerned first with the 
identification of later phases by supplementing 
travel times with apparent velocity and azi­
muth measurements and second with an in­
vestigation of unidentified coherent signals fol­
lowing P. This investigation of later phases was 
conducted to demonstrate the advantages of 
an array in studying the travel time curves of 
these later P phases.
Crustal Structure Beneath  Array
Procedure. In working out a crustal struc­
ture consisting of one or more dipping inter­
faces using a single teleseism or several tele­
seisms at similar azimuths, accurate knowledge 
of both the azimuths and the expected appar­
ent velocities of the P waves crossing the ar­
ray are required. For the majority of earth­
quakes the azimuth is known accurately, but 
the apparent velocities, determined by differ­
entiating the J-B travel-time curve for P, is 
not, owing to the presence of errors in the 
tables. Working out a crustal structure will pro­
vide corrections to dT/dA. Hence, the pro­
cedure adopted is to select a realistic crustal 
model and to adjust the dip angle and dip di­
rection, keeping the P-wave velocities constant, 
until the apparent velocity and azimuth calcu­
lated by using the structure agree with the 
measured values. Obviously, an infinite number 
of models would fit the data, but any differ­
ences in the corrections from one model to 
another would only become significant at azi­
muths widely separated from the azimuths of 
the data used.
Previous work. Jeffreys [19626] realized 
from a study of Pacific nuclear explosions that 
the Jeffreys and Bullen [1948] travel times for 
P required small modifications. A recent modi­
fication of the P travel-time curve prepared by 
Cleary and Hales [1966] gives values of dA/dT  
that differ significantly in some distance ranges 
from the values obtained from the J-B tables. 
New travel times for P have also been pro­
posed by Carder et al. [1966] and Herrin et al. 
[1968], The results of Carder et al. show devi­
ations from the J-B values similar to the devi­
ations shown by Cleary and Hales.
The effects of structure can be separated from 
errors in the J-B tables if data from earth­
quakes occurring at similar distances, but at 
opposite azimuths, are used [see Niazi, 1966]. 
The distribution of regions of high seismicity 
with respect to WRA is such, however, that 
approximately equidistant events at opposite 
azimuths are rare occurrences. One such occur­
rence has been used to determine two possible 
structures. The first is a simple structure in­
volving a single dipping interface between sedi­
ments and basement beneath the array. The 
second structure involves two dipping inter­
faces; a dipping M discontinuity is placed be­
low a superficial structure derived by Under­
wood [1967] from the results of the seismic 
experiment WRAMP. These structures were de­
termined by using three earthquakes from the 
Aleutian Islands and the nuclear explosion 
Longshot, corresponding to a distance range of 
79.4°-84.7° and an azimuth range of 20°-30°, 
together with one earthquake south of Africa at 
a distance of 84.0° and azimuth of 215.7°. The 
structures are listed in Table 1 for comparison 
with the results obtained in this study of the 
Novaya Zemlya nuclear explosion.
Measurement techniques. The techniques 
used in measuring relative onset times on WRA 
records are described, together with an account 
of the work on the structure, by Cleary et cd. 
[1968], As well as the method of matching 
waveforms described in the paper cited above, 
the first prominent peak and the first zero (or 
crossover point) of each seismometer output 
were also matched. Thus three independent sets 
of relative onset times for P were obtained, 
both for the explosion and for the other events 
used in this paper.
Measurements of dA/dT  and azimuth for a 
wide range of azimuths and distances have re­
vealed that the crustal structure can change 
quite sharply over a small azimuth range. In 
particular, it has been discovered that the 
structure affecting P waves arriving between 
330° and 10° in azimuth is quite different from 
that between 20° and 30°. Moreover, for some 
azimuths the structure appears to be differ­
ent for P waves arriving from different dis­
tances. In view of these considerations, the 
Novaya Zemlya nuclear explosion has been used 
to determine two possible types of structure, 
involving a single dipping interface and two 
dipping interfaces respectively, which should
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TABLE 1. Structures Determined for the Warramunga Array
P-Wave Velocity
In Lower In Upper Dip
Dip Direction, Medium, Medium, Angle,
Structure deg km/sec km/sec deg
1 (a)* One dipping interface using Sacks 
velocity
One dipping interface using J-B 
velocity
179.0 6.0 4.2 3.7
1 (b)* 175.0 6.0 4.2 4.6
2 (a)* Two dipping interfaces using 205.5 6.10 5.42 5.3
Sacks velocity 162.0 8.25 6.10 4.0
2(b)* Two dipping interfaces using J-B 205.5 6.10 5.42 5.3
velocity 162.0 8.25 6.10 5.8
3 t One dipping interface 235.0 6.0 4.2 6.5
4 t Two dipping interfaces 205.5 6.10 5.42 5.3
243.0 8.25 6.10 8.2
* Structures determined from the Novaya Zemiya nuclear explosion.
t  Structures determined from three Aleutian Islands earthquakes, the nuclear explosion Longshot, and 
one south of Africa earthquake.
give reasonably good seismometer corrections in 
the azimuth range from 335° to 355°.
WRA structure from the Novaya Zemiya 
ex-plosion. The initial P onset of the explo­
sion was sharp, and a large quantity of energy 
was present in the first 3 seconds of the record. 
Figure 1 shows the traces of P on fifteen seis­
mometers, and Figure 2 shows some processed 
records including both summed lines and corre­
lator outputs produced on a digital computer 
in the manner described by Birtill and White­
way [1965], It is not clear whether P is dif­
fracted or direct. Recent work on P in the 
shadow zone has been published by Sacks [1966, 
1967], Ergin [1967] has suggested that a re­
duction in the velocity of P is required at the 
base of the mantle, on evidence from PKP2 
travel times near 180° and beyond; this reduc­
tion would cause direct P to propagate up to 
130° and beyond.
To determine a reliable structure it is es­
sential that the apparent velocity of dif­
fracted or direct P at 106.0° is known to within 
0.2 km/sec. The J-B P curve straightens at 
about 90° and has very little curvature from 
there on; dA/dT  for A >  100° is 25.3 km/sec. 
Sacks [1967] has, however, given preliminary 
travel times of diffracted P to 167° and has
given dA/dT  as 24.55 ±  0.08 km/sec. This 
value has been used as a reference in this study. 
From their travel time curve for P, Cleary and 
Hales [1966] give an apparent velocity of 24.72 
km/sec at 95°, and Carder et al. [1966] give a 
value of 24.44 km/sec for the distance range 
94° to 100°. From the new Seismological Tables 
for P Phases [1968] the apparent velocity is 
24.38 km/sec for P beyond 97.5°. Structures 
have been determined by assuming that the 
apparent velocity given by Sacks is correct; for 
comparison similar structures are given by as­
suming the J-B value is correct. The results are 
given in Table 1 and have been obtained by 
using an apparent velocity of 22.11 km/sec and 
an azimuth of 344.5°; these values have been 
obtained by averaging the three independent 
least-squares determinations for P from the 
nuclear explosion.
Corrections to dA/dT and azimuth. The 
extent to which the computed structures are 
applicable to other events has been investigated 
by using seven earthquakes occurring at similar 
azimuths to the Novaya Zemiya explosion, but 
at different distances. Information about these 
events, given in Table 2, has been taken from 
monthly earthquake lists prepared by the 
United Kingdom Atomic Energy Authority
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from the U. S. Coast and Geodetic Survey in­
formation cards. The expected apparent ve­
locity and azimuth using two of the structures 
of Table 1 have been determined for each 
earthquake. For the four closest events the 
J-B values of dA/dT  have been used, and for 
the remaining three, both the Cleary-Hales and 
the J-B velocities have been used. Least-squares
values of velocity and azimuth have also been 
determined; the standard errors in both these 
quantities have been estimated from a standard 
deviation on each onset time calculated from 
the set of seismometer residuals obtained for 
each event. For each set of onset times the 
values of dA/dT  and azimuth have been com­
puted from all seismometers that were working
'\/\/^WvAAAAWVyv^Vv
\p j\f^ /\ / \j--- A A A A V W v V W
VX/VvAa/V ^ A /^ ^ a/vxa
Fig. 1. Traces of P on fifteen seismometers. Red, R, and blue, B, lines run approximately 
E-W and N-S, respectively. See Cleary et al. [19681.
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27- 6- 12-10 20  30  40
Fig. 2. Some processed records of P . Array phased to an azimuth of 344.2° and to an 
apparent velocity of 21.0 km/sec. A 2-second square window of integration was used for trace 
5 and for all correlator outputs in Figures 3-6.
TABLE 2. List of Seismic Events
Date
Origin Time 
(GMT)
Distance 
from WRA, 
deg
Corrected
Distance,
deg
Azimuth,
deg
Depth,
km Region
Sept. 15, 1967 19h 15m 53.8s 22.6 23.8 340.8 119 Halmahera
July 30, 1966 17h 39m 18.8s 29.9 30.1 344.5 36 Mindanao,
Phillipines
July 27, 1966 5h 10m 36.1s 24.0 24.2 339.1 33 Molucca Passage
Aug. 4, 1966 20h 23m 02.8s 23.0 24.0 340.4 95 Molucca Passage
Oct. 27, 1966 5h 57m 58.0s 106.0 106.0 342.9 0 Novaya Zemlya 
(nuclear explosion)
Jan. 2, 1967 14h 47m 11.6s 41.5 41.7 342.9 33 Philippine Islands 
region
July 6, 1966 20h 21m 43.5s 45.9 46.0 352.0 23 Ryukyu Islands
July 29, 1966 6h 25m 35.2s 48.9 49.0 354.2 21 Ryukyu Islands
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well. Then, if necessary, a new computation was 
performed with suspect seismometers removed 
to give an improved least-squares fit. A seis­
mometer was rejected if the magnitude of its 
residual exceeded 0.04 second. Table 3 com­
pares the expected and the measured values of 
apparent velocity and azimuth.
For the four teleseisms the azimuth anomalies 
tend to be lower than the values derived from 
the computed structures, but the discrepancy 
is only really significant for the Ryukyu Islands 
event of 29.7.66; this is probably due to a 
rather different structure affecting P waves 
arriving at azimuths close to 354°. For the three 
closer events the azimuth anomalies are larger 
than expected, and for two of them the spread 
in azimuth for the different methods of meas­
urement is significantly greater.
The epicenters of the two Molucca Passage 
and the Halmahera earthquakes are very close 
to each other and are at distances close to 24°. 
For an earthquake occurring at depth In and 
epicentral distance A, the apparent velocity 
measured at an array will correspond to a cor­
rected distance A', where A' is measured from 
the point at which the extension of the ray 
path beyond the focus reaches the surface. For 
each of the events close to 24°, A' was de­
termined from the epicentral distance A and 
focal depth h, by using an assumed crustal and 
upper mantle structure for the shallow event 
and making use of the tables of extended dis­
tances prepared by Hodgson and Storey [1953] 
for the two deeper events. The corrected dis­
tances for both Molucca Passage earthquakes 
differ by only 0.1°; yet, the apparent velocities 
differ by 0.4 km/sec, which is at least 4 times 
the estimated standard errors. If the epicenter 
locations are correct, these results suggest an 
irregularity in the slope of the travel-time curve 
close to 24°. This would be in conformity with 
the presence of a discontinuity close to 24°, as 
found by Niazi and Anderson [1965] and by 
Green and Hales [1968].
Study op Later P hases 
Previous Work
The WRA record of the Novaya Zemlya ex­
plosion provided some exceptionally clear later 
P phases, particularly PKiKP and PKKP. Co­
herent signals following P  were picked out visu­
ally from an array record bandpass-filtered be­
tween 0.4 and 2.0 cps, and the correlation 
method described by Birtill and Whiteway 
[1965] was used to give an estimate of ap­
parent velocity for each signal. Jeffreys 
[1962a] has pointed out the difficulty of ex­
plaining the continuous irregular oscillations 
that follow P and S. Several hypotheses have 
been put forward to explain these oscillations. 
For example, it has been suggested that the gen­
eral irregular movement is impressed in the 
immediate neighborhood of the observing sta­
tion because of scattering. Key [1967] has in­
vestigated the signal generated noise at the 
United Kingdom Atomic Energy Authority 
seismometer array station at Eskdalemuir, Scot­
land, and has shown a close correlation between 
low-velocity apparent noise sources and topo­
graphic features; these signals are Rayleigh 
waves. The exceptional quality of the record of 
the Novaya Zemlya explosion has enabled some 
of the oscillations following P that are coherent 
across the array to be explained in terms of 
reflections at a considerable distance from the 
array, as well as providing some indication of 
the reliability of measurements of dA/dT  for 
identifiable phases using the correlation method. 
The results of this study of coherent signals 
following P are given in Tables 4 and 5.
For the large later phases it was possible to 
supplement the correlation method with hand 
measurements of the onset times and a least- 
squares azimuth and velocity determination. 
The errors in the total travel times to the cross­
over point are believed to be about 0.2 second 
for the phases of Table 5; for the other co­
herent signals the errors are larger. To give 
some indication of the quality of, the least- 
squares fit, the mean square time residual is 
also displayed in Table 5. For these later phases 
seismometers were rejected only if the magni­
tude of the residuals exceeded 0.05 second. The 
least-squares fit for PP was so poor, however, 
that it was not possible to adopt this rejection 
procedure.
Identified Phases (See Table 6)
All phases arrived early relative to the ex­
pected travel times, except PKiKP and PKKP. 
I t seems likely that the core model used by 
Bolt and O’Neill [1965] to calculate the travel 
times for PKiKP is slightly in error by com-
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TABLE 4. Correlation Measurements
This table gives a selection of correlation measurements of apparent velocity and azimuth for some of 
the later P  phases and coherent signals. A 3-second integration time was used for correlation measurements 
except for entries otherwise indicated.
Name of 
Phase
Time for 
S tart of 
Correlation, 
(GMT)
Expected
Apparent
Velocity,
km/sec
Expected Apparent 
Velocity Assuming 
Two Dipping 
Interfaces, km/sec
Measured
Apparent
Velocity,
km/sec
Measured
Azimuth,
deg.
P 6h 12m 12.0s* *§ 24.55“ 22.10 21.0 344.2
6h 13m 18. Osf 17.4 345.1
6h 13m 22.Osf 16.4 325.7
6h 13m 33.5s 18.8 306.4
6h 15m 00.0s 18.2 356.3
6h 15m 24.8s 18.8 350.0
6h 15m 27.4s 18.9 349.6
6h 15m 32.5s 17.6 342.8
6h 15m 38.5s 22.9 343.0
6h 15m 50.0s 20.4 349.4
6h 15m 58.0s 17.2 351.4
PKiK P 6h 16m 24.2s 59.0* 46.8 45.9 334.3
PP 6h 16m 34.0s 15.07' 14.0 14.0§ 342.0
6h 16m 54.0s 16.0 352.3
6h 17m 19.5s 47.4 137.2
6h 17m 46.0s 14.6 326.0
6h 17m 53.0s 29.8 141.2
PcPPcP 6h 18m 54.0s 29.6J 26.1 31.3 343.2
6h 18m 59.5s 24.6 167.8
6h 19m 07.3s 20.4 330.7
6h 24m 02.5s 18.0 144.5
6h 25m 17.Osf 17.0 169.1
6h 25m 30.0s 15.2 180.8
6h 25m 37.5s 17.4 179.5
6h 26m 04.5s 18.2 187.8
PK K P  A 6h 27m 47.1s 39. O'1 47.0 46.8 162.4
PK K P  B 6h 27m 50.5s 47.4 165.1
PK K P  C 6h 28m 01.8sJ 62. O'1 84.3 76.0 157.0
PK K P  D 6h 28m 03.1st 25.0* 28.2 29.6 167.1
6h 31m 52.5s 37.3 145.9
PcPPKP 6h 32m 00.Ost 25.4* 28.8 23.0 187.0
PKPPKP 6h 36m 09.5sj 58. O'* 78.0 82.0 201.3
* 1-second integration time used,
t  2-second integration time used,
t  1.2-second integration time used.
§ For PP  the correlation peak occurred a t a velocity of 39.6 km/sec and an azimuth of 304°, and the 
values quoted in the table correspond to the maximum of a slightly smaller peak. These results are due to 
interference from the waves associated with P K iK P  or PK IK P.
“ Sacks [1967].
» Bolt and O’Neill [1965].
'  Cleary and Hales [1966]. 
d Jeffreys and Bullen [1948].
parison with the J-B times for other phases, 
giving PKiKP about 2 seconds earlier than ob­
served. For P, PKiKP, PP, the PKKP  phases 
and two large unidentified phases, dk/dT  and 
azimuth were measured by the least-squares 
method as well as by correlation, thus enabling
a direct comparison between the two methods. 
In the case of these larger phases, except PP, 
the values of velocity and azimuth determined 
by the least-squares method are undoubtedly 
more reliable than the values obtained by the 
correlation method. The values of velocity and
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TABLE 6. Travel Times of P  Phases for the 
Novaya Zemlya Nuclear Explosion
Phase
Expected Travel 
Time
Actual Travel 
Time
P 14m 14.9s 14m 13.5s
PKiKP 18m 25.8s* 18m 26.2s
PP 18m 41s 18m 37.2s
PcPPcP 20m 58.8s 20m 56s
PK K P  A 29m 47.3s 29m 49.1s
PK K P  B 29m 52.5s
PKK P  C 29m 57.2s 30m 03.8s
PKK P  D 30m 06.2s 30m 05.1s
PcPPKP 34m 04.2s 34m 02s
PKPPKP 38m 12.2s 38m 11.5s
* Bolt and O’Neill [1965].
azimuth obtained by the two methods are not 
in good agreement in all instances. Figures 3-6 
show summed and correlator outputs for two 
large unidentified phases, PKiKP, PP, PcPPcP, 
and PKKP.
Individual Phases
PKiKP. The amplitude is nearly as large as 
P and is much clearer than previous observa­
tions of this phase at similar distances, such as 
those of Ergin [1967], Other reports of PKiKP 
have been given by Melik-Gajkazan [1955] and 
Caloi [1961]. Melik-Gajkazan [1955] gives an 
empirical travel-time curve for PKiKP with 
forty-nine observations between 22° and 140° 
but does not reproduce any records. Bolt and 
O’Neill [1965] indicate that this phase is most 
likely to be observed for the distance range 
105° <  A <  110°, and they consider Caloi’s 
identification of PKiKP at 15° as unlikely. 
These authors have indicated that positive 
identification of this phase would provide an 
independent estimate of the rigidity of the inner 
core. The measurements of dA/dT  and azimuth 
suggest that PKiKP may in fact be two sep­
arate phases. I t  is perplexing that measure­
ments of the arrival times of the first two peaks 
of this phase give values of dA/dT  close to the
S(R+B)
w ' '
Z ( R * B )
27- 6 - 16-20 30 40
Fig. 3. PKiKP  and PP. Array phased to an azimuth of 334.3° and a velocity of 45.9 km/sec 
for traces 1 and 2 and to 342.0° and 14.0 km/sec for traces 3 and 4.
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Fig. 4. PcPPcP. Array phased to an azimuth of 343.2° and a velocity of 31.3 km/sec.
expected value but azimuths quite different 
from the true value. Moreover, a later peak 
gives an azimuth close to the expected value 
but a rather high velocity. These results may 
be due to interference with a scattered signal. 
If two phases are present, one interpretation is 
that these waves correspond to the reflected 
phase PKiKP, closely followed by the phase 
PKIKP resulting from refraction through the 
inner core.
PP. The values of velocity and azimuth ob­
tained by both the correlation and the least- 
squares methods are in good agreement, but 
interference from other signals resulted in a 
very poor least-squares fit. An interesting fact 
is that two unidentified phases show up more 
clearly than PP, and these are discussed later.
PcPPcP. Previous identifications of this 
phase are either very rare or absent. The evi­
dence for its identification is very convincing;
the azimuth and apparent velocity are in rea­
sonable agreement with the expected values, 
and the travel time is within 3 seconds of that 
expected value. I t is of some interest that this 
phase has a travel time that differs from the 
expected time for PPP by only 1 second. How­
ever, the apparent velocity rules out the possi­
bility that it is PPP.
PKKP. According to the J-B tables, there 
are three possible paths for PKKP, each phase 
traveling in the reverse direction. The onset 
of the first PKKP is remarkably sharp. Both 
correlation and least-squares measurements of 
velocity and azimuth agree fairly well, but the 
results suggest four phases. The first and 
fourth of these have values of dA./dT that agree 
well with the values for the first and third 
phases given by Jeffreys and Bullen; the arrival 
of the fourth phase is not clearly defined. One 
interpretation of these results is that the mid-
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die branch of PKKP given by Jeffreys and 
Bullen is really two separate branches. Evidence 
for this is provided by the J-B travel time 
which is almost halfway between the travel 
times for two of the observed phases. Further 
work is required to ascertain whether this in­
terpretation is compatible with recent core 
models. Engdahl [1968] provides surface focus 
travel times of PKKP calculated from the core 
model T2 of Bolt [1964], in which there are 
four branches at 106°, showing reasonably good 
agreement with the results presented here. The 
measured azimuths differ from the expected 
azimuths, suggesting that the structures derived 
from P are not valid for signals arriving from 
the opposite azimuth.
PcPPKP and PKPPKP. These phases are 
both quite small, but the correlation method 
gives apparent velocities in reasonable agree­
ment with those expected; although these 
phases cross the array in the reverse direction 
the measured azimuths differ considerably from 
the expected values.
An unsuccessful search was made for the 
phases PKJKP and PKIIKP.
Unidentified Signals
Between P and PP there are ten unidentified 
coherent signals all with measured apparent 
velocities between 17.4 and 22.9 km/sec and 
with azimuths within 45° of the azimuth of 
the explosion. These signals are spread over a 
time interval of 3 minutes 47 seconds, and it 
is unlikely that they are due to scattering or 
multiple reflections in the vicinity of the array. 
They appear to have originated, presumably by 
reflection, at a considerable distance from the 
array, though reverberation effects at the ex­
plosion site may be partly responsible. After 
PP there is a small unidentified phase, possibly 
a core phase, traveling in the reverse direction 
at 47.4 km/sec, and with a total travel time of 
19 minutes 21.5 seconds; no adequate expla­
nation of this phase has been found. Between 
PP and PKKP there are several signals arriv­
ing in the reverse direction with velocities of
PKKP A f f  \  PKKP B
__V
PKKP C
l
SKRxB)
S R +B)
S R xB)
6 - 27-40 50 0 10
Fig. 5. PKKP. Array phased to an azimuth of 162.4° and a velocity of 46.8 km/sec for traces 
1 and 2 and to 167.1° and 29.6 km/sec for traces 3 and 4.
2046 WRIGHT AND MUIRHEAD
V-aa/n
B2
AA/w\/wyy\/\/yv\/\/\A^wwv\/\/^ w^^yv\/y\/'
V v nJ Av\fvwyv\/yWiAr\iV/v'^v/uww^ A,'
'W v \ / \ A / W W ^
Aaa/WyWlllAjVV'/^ ^
r ^ - '
S R +B)
A
.1/2
1E(R*B)
L U  .rLL.LL.LJL LL JLJUULLL LJULJULLjUL LLL L U L L  fLL.ULL
27 - 6 -1 5 3 0  3 0  4 0  5 0
Fig. 6. Two large unidentified phases. Phase A, P  reflected at M discontinuity. Phase B, P
reflected at surface. See Table 7.
less than 30 km/sec. I t is suggested that these 
signals are associated with reflection and scat­
tering of core phases reaching the surface some­
where between 106° and 180° from Novaya 
Zemlya.
There are two remarkable phases with travel 
times of 17 minutes 26.8 seconds and 17 minutes 
29.4 seconds; the onset of the second of these 
is very sharp. Hand measurements of the onset 
times give azimuths fairly close to the true 
value of 342.9°. With the assumption that these 
phases result from a simple reflection at a dip­
ping interface, the points of reflection have been 
deduced from the azimuths and apparent ve­
locities corrected for structure. The distance 
was obtained by comparing the measured ve­
locity, corrected for structure, with the appar­
ent velocities derived from the Cleary-Hales 
travel-time curve. The distances of these points
of reflection from the epicenter were then cal­
culated, and the P travel times for the two 
paths were added. For the first of these phases 
the travel time for P reflected at a dipping M 
discontinuity agrees with the actual value to 
within 3 seconds, but the second larger phase 
does not fit so well, the travel time being 13 
seconds longer than for a surface reflection. By 
taking the first phase, the angle of dip required 
to give such a reflection has been found to be 
about 10° (see Figures 6 and 7 and Table 7). 
Further, the dip would have to be toward the 
mountain ranges of central Asia; the points of 
reflection are situated just to the north of the 
Tannu Ola and Yablanovy ranges. Points of 
reflection for all other phases, assuming they 
are some form of reflected P, have been de­
termined, but attempts to fit travel times and 
ray paths have not been entirely successful.
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Fig. 7. Diagram illustrating the reflection of the 
phase arriving at 6h 15m 24.8s.
Many of the unidentified phases can be ex­
plained if reflections at discontinuities in the 
upper mantle are postulated; this idea is now 
being investigated.
D iscussion
This study has shown how a large nuclear 
explosion can be used to determine crustal mod­
els suitable for correcting apparent velocities 
and azimuths over a limited azimuth range. 
These crustal models have been tested by using 
the measured apparent velocities and azimuths 
for seven earthquakes. For none of these seven 
events is the apparent velocity sufficiently well 
known to enable one to say definitely whether 
the assumed apparent velocity for diffracted P
of 24.55 km/sec is correct. However, there is 
no evidence to suggest that the velocity used is 
seriously in error, and it is unlikely to be out 
by more than 0.2 km/sec. The least-squares 
method has been shown to be ideal for obtain­
ing precise measurements of azimuth and ap­
parent velocity; with crustal models derived in 
the manner described, the method should be 
capable of giving accurate estimates of dT/dA. 
Moreover, the results have shown that careful 
work can reveal minor irregularities in the slope 
of the travel-time curve. There are differences 
in the azimuths and velocities obtained by using 
different matching techniques for the same 
event, which are due to systematic changes of 
wave form from one seismometer to another; 
these differences for some earthquakes are 
greater than the differences due to any meas­
urement errors.
It has been demonstrated that hand meas­
urements of relative onset times can give good 
results for apparent velocities and azimuths of 
later P phases as well as initial P. The corre­
lation method described by Birtill and White- 
way [1965] has been shown to be unsuitable 
for precise determinations of apparent veloci­
ties but is very useful in picking out small 
phases where the signal to noise ratio is small; 
the values of dA/dT  obtained by this method 
probably have an error of 15%, even when the 
signal to noise ratio is large. A new correlation 
technique that appears to give more reliable 
measurements of dA/dT  and azimuth has been 
described by Muirhead [1968] and is now being 
thoroughly investigated.
TABLE 7. Two Large Unidentified Phases Arriving between P and PP
P Reflected 
at 33 km
P Reflected 
at Surface
Arrival time of phase (GMT) 6h 15m 24.8s 6h 15m 27.4s
Travel time 17m 26.8s 17m 29.4s
Corrected apparent velocity 21.65 km/sec 22.80 km/sec
Corrected azimuth 347.1° 343.8°
Point of reflection 60.7 °N, 107.6°E 62.1 °N, 98.1°E
Ai, distance from WRA to point of reflection 83.2° 86.7°
h ,  travel time from point of reflection to WRA 
A2, distance from Novaya Zemlya to point of
12m 24s 12m 47s
reflection
t t ,  travel time from Novaya Zemlya to point of
23.2° 19.3°
reflection 5m 05s 4m 29s
Calculated travel time...................................... 17m 29s 17m 16s
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Measurements of azimuth and apparent ve­
locity for most later phases yield azimuths dif­
ferent from the expected values, and for the 
larger phases there is reasonable agreement be­
tween correlation and least-squares measure­
ments. Correlation techniques have shown that 
several coherent signals arriving between P and 
PP are not associated with the structure in the 
vicinity of the array but may be the result of 
reflections between the array and the source. 
The signals that arrive after PP in the reverse 
direction may be associated with reflection and 
scattering of core phases reaching the surface 
between 106° and 180° from Novaya Zemlya.
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535 values of the P-wave travel time gradient have been derived from 192 events recorded at the Warramunga 
Seismic Array over the distance range 2 8 °-9 9 ° . These dT/dA measurements have indicated the presence of regions 
of anomalous velocity gradient in the lower mantle. The results are compared with those of other recent array in­
vestigations.
The travel time gradient, dT/dA,  for P wave arri­
vals from earthquakes and explosions, measured 
as a function of distance, enables a velocity distri­
bution for the Earth’s mantle to be derived by the 
Herglotz-Wiechert method [1]. The installation of 
arrays of short period vertical component seismo­
meters in various parts of the world during the last 
decade has allowed dT/dA to be evaluated directly 
instead of smoothing and differentiating a travel 
time curve. Thus in principle arrays permit the fine 
details of mantle structure to be better elucidated. 
Consequently several dT/dA studies have been 
published recently [2—5], and these strongly 
suggest the existence of anomalous regions below 
700 km in the mantle. The interpretation of array 
data, however, is beset with ambiguities and un­
certainties. The fine details present in dT/dA curves 
may not be due to velocity anomalies at great depths; 
irregularities in both crustal and upper mantle struc­
ture in the vicinity of an array and possibly even 
lateral variations in mantle structure near an earth­
quake focus can introduce complexity into a dT/dA 
curve. These difficulties can only be resolved by 
comparing the results of several investigations. The 
purpose of this communication is to present the 
results of another dT/dA study for the lower mantle, 
and to show that the discrepancies in the previous 
investigations are largely due to differences in inter­
pretation and not necessarily to subtle irregularities 
in local structure or differences in structure at great 
depth.
The Warramunga Seismic Array, WRA, near Ten­
nant Creek in the Northern Territory of Australia, 
consists of twenty short period vertical component 
seismometers arranged in two lines of ten, each 22.5 
km long and approximately at right angles. The travel 
time gradients and azimuths of P-wave onsets from 
192 events recorded at the array over the distance 
range 27.9° to 98.8° have been measured using the 
techniques described by Cleary et al. [6] and by 
Wright and Muirhead [7]. Two or three measurements 
of these quantities were made for each event by match­
ing different portions of the P-wave train, so that a 
total of 535 values of both dT/dA and azimuth has 
been obtained. These values often differ significantly 
from the true azimuth and the dT/dA values predicted 
by the J-B tables [8] or the 1968 Seismological 
tables for P Phases [9]. Further, errors in the measure­
ments of onset times, in epicentre determinations or 
in the travel time tables themselves can only account 
for anomalies an order of magnitude smaller than 
those observed. A crustal refraction experiment per­
formed by Underwood [10] and attempts to fit a 
single or a series of dipping interfaces below the array 
in the manner described by Niazi [11], Cleary et al.
[6], Wright [12] and Wright and Muirhead [7] have
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yielded results of limited value. Hence the anomalies 
in dr/dA and azimuth cannot be explained by any 
relatively simple crustal model, and may be partly 
due to upper mantle structure beneath the array.
The only previous lower mantle dT/dA study using 
an array similar in size to WRA was published by 
Gopalakrishnan [13], and his results give little indi­
cation of whether irregularities in local structure 
are particularly serious.
At WRA the azimuth and dT/dA anomalies are 
for most azimuths slowly changing functions of 
azimuth and of the angle of incidence of the P waves 
at the array site. Recent travel time studies [14—16] 
have shown marked deviations from the J-B times 
without enabling distinct anomalous regions of the 
lower mantle to be identified. Thus it is reasonable 
to suppose that any irregularities in lower mantle 
velocities will cause perturbations of a modern 
travel time curve no larger than the random errors 
in the travel times themselves. Therefore by con­
straining the (IT/dA data to an acceptable travel time 
curve, the effect on the P wave arrivals of the local 
structure can be largely eliminated.
The dT/dA data have been divided into seventeen 
groups each corresponding to a narrow range of 
azimuths and a distance range of about 10°. Each 
value of dT/dA was treated as an independent ob­
servation and was weighted according to the reci­
procal of the square of its standard error. A smooth 
curve was fitted through each group by the Method 
of Summary Values [17—19], and a test was 
used to check the smoothing procedure. The area 
under each smooth curve was evaluated and sub­
tracted from the travel time differences between the 
end points of the range of integration derived from 
the 1968 Seismological tables for P Phases [9]. This 
enabled a correction to be applied to every value of 
dT/dA in a particular group. The method outlined 
above merely involves changing the baseline of each 
set of dr/dA measurements, and is similar to using 
a single plate dipping interface to correct each group 
of data. A smooth curve was then fitted through the 
corrected values of dr/dA by the Method of Summary 
Values, and is shown in fig. 1. Only 492 of the cor­
rected points were used in deriving the smooth curve, 
and a x2 test gave 487.5 on 470 degrees of freedom.
A P wave velocity distribution from a depth of 700 
km to 2790 km was calculated from the dr/dA curve
DISTANCE (deg)
Fig. 1. Corrected values of dT/dA from 192 events.
using the Herglotz-Wiechert method. A modified 
version of Early Rise Model 2 of Green and Hales 
[20] was used to ‘strip’ the earth to a depth of 700 
km. Although there are probably systematic errors 
in the 1968 Seismological Tables for P phases [21,22] 
they were used in preference to the surface focus 
travel times of Hales et al. [23] because standard 
errors in the travel times were supplied [19]; these 
errors are essential if a statistical significance test 
is to be applied in the smoothing of the corrected 
data. .
The most interesting feature of fig. 1 is the flat 
portion of the dT/dA curve between 32° and 37° 
corresponding to anomalously low velocity gradients, 
da/dz, between 800 and 850 km. The velocity model 
shows a slight decrease in P wave velocity with in­
creasing depth at 820 km. The dT/dA data have been 
over-smoothed in this distance range to avoid an 
apparent increase in dT/dA which would cause the 
Herglotz-Wiechert method to formally break down. 
Such an increase is best explained in terms of a low 
velocity layer [12]. Fig. 1 also shows an anomalous 
region between 46° and 52° corresponding to a 
small increase in da/dz at a depth of about 1150 km 
followed by a region of low velocity gradients be­
tween 1260 and 1300 km. There may also be a slight 
increase in da/dz near 1600 km, and there seems to 
be a comparatively fiat region of the dT/dA curve 
between 63° and 66° corresponding to low velocity 
gradients between depths of 1700 km and 1750 km.
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Unfortunately there are no data covering the region 
between 1600 km and 1730 km so that the evidence 
for an anomalous region is somewhat limited. Finally 
there is a fairly steep portion of the curve between 
78° and 83.5° yielding comparatively high velocity 
gradients between about 2200 and 2500 km. It is 
important to point out that the anomalous regions 
of the dT/dA curve are apparent in the uncorrected 
data, and with the possible exception of the anomaly 
near 80° have not been affected when combining 
the corrected d7/dA values. Although the uncor­
rected data do suggest an increase in the slope of 
the curve near 80°, the effect may be exaggerated 
slightly when the results from different azimuth 
ranges are combined.
It is now pertinent to compare these results with 
those of other workers to see if a coherent picture 
emerges. Chinnery and Toksöz [2] discussed only 
the flat portions of their dT/dA curve. The plateau 
region at 52° is well established by their data, but 
those near 35° and 70° are spread out over a con­
siderable distance range. It is also worth pointing 
out that Chinnery and Toksöz’s dT/dA curve has 
relatively steep regions near 60° and 78°. Johnson 
[4] stated that the anomalous regions of this dT/dA 
data near 34.5° and 70.5° were poorly defined; his 
CIT206 curve reveals both regions that are relatively 
flat and relatively steep, but the steep regions at 
distances close to 40.5°, 49.5° and 81.5° appear 
to be more outstanding. The two dT/dA curves 
of Greenfield and Sheppard [3] show flat regions 
between 30° and 34°, and one of them has a flat 
region near 70°. The dT/dA data of Chinnery [5] 
show an anomalous region near 30°, but unfortunate­
ly there are few observations between 31° and 37°.
His data do indicate a relatively flat part of the curve 
near 50° which may be preceded by a comparatively 
steep region. The anaomalous features of lower 
mantle structure suggested by the data of fig. 1 
taken in conjunction with other array investigations 
are summarised in table 1. It is may view that the 
differences in P wave velocity models are adequately 
explained by the scatter and irregular distribution of 
the basic dT/dA data. Regional differences in struc­
ture below 900 km do not have to be invoked, though 
this is not meant to imply that they do not exist. 
However, the sharpness of the velocity changes is not 
known; relatively abrupt increases in velocity may
Table 1
Anomalous features of the lower mantle * inferred from array 
dT/dA investigations
Approximate 
depth range 
(km)
Corresponding 
distance range 
(deg)
da/dz
800- 850 32-37 Low and probably 
negative over part of 
the range. Regional 
differences possibly 
important.
1150-1260 46-49.5 High
1260-1300 49.5-52 Low
1540-1660 59-62 High
2150-2450 77-83 Relatively high
Other anomalous regions probably exist but have only been 
suggested by one or two authors.
* The lower mantle has been taken as the region from a depth
of 700 km to the mantle-core boundary.
give rise to triplications in the travel time curve as 
suggested by Johnson [4] and Chinnery [5] in which 
the individual branches are too close together to be 
observed on seismograms.
A more detailed discussion of the method of ana­
lysis and the results presented here, supplemented 
with upper mantle data, will be published later.
I am indebted to Mr. H.A.Doyle for critically 
reading the manuscript.
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COMMENTS ON A PAPER BY E. P. ARNOLD, “SMOOTHING TRAVEL
TIME TABLES”
B y C edric  W r ig h t  a nd  D e r e k  J. C o r b ish ley
Arnold (1968) discusses various techniques for smoothing travel-time tables, and 
concludes that the Method of Summary Values (Jeffreys, 1961) is the most useful. 
He then applies this method to the raw travel times of Herrin et al. (1968) that form 
the basis of the 1968 Seismological Tables for P Phases.
Unfortunately there are some numerical errors in Arnold’s computations which 
were discovered independently by the two authors. We feel it is worthwhile to draw 
attention to these errors because many seismologists may wish to use the Method of 
Summary Values and check their calculations using Arnold’s data.
(1) The distance value of the second summary point in Arnold’s Table 3 is incor­
rectly printed as 20.486. The true value is 28.486.
(2) The numerical values of the ordinates of the summary points in Arnold’s Table 3 
are all too large by approximately 0.3 seconds and could not have been used in ob­
taining the smoothed travel times of Arnold’s Table 2. In other words, if Arnold’s 
summary values are interpolated, a new travel time curve emerges with values ap­
proximately 0.3 seconds greater than those quoted in Table 2.
(3) Values of (0 — C) in Table 2 differ significantly from values obtained if the 
smoothed travel times (Table 2) are subtracted from the unsmoothed values (Table 1) 
at the distances 27°, 31°, 62° and 101°. At these distances the differences should read 
0.06, 0.04, 0.04 and —0.10 seconds respectively, in place of —0.01, 0.10, 0.13 and —0.15 
seconds if the data of Table 1 are correct. The overall effect is to reduce the total 
value of x2 by 4.9, resulting in a total x2 of 45.5 on 63 degrees of freedom (as opposed 
to x2 =  50.4 quoted in Arnold’s paper).
(4) The large differences between the smoothed and raw travel times at 20.25° 
and 21.0° indicate that the smoothed curve was not obtained from the tabulated 
data at these distances—note the high value of x2 at 20.25° which accounts for nearly 
20 per cent of the total x2- Our own calculations of a smoothed curve from the tabu­
lated data differ from Arnold’s between 20.25° and 24°. With the corrections listed in 
section 3, x2 is now only 36.4 on 63 degrees of freedom which is well below the ac­
ceptable lower limit of 51.8.
(5) Arnold interpolated the summary points using third divided differences. How­
ever, one of us (C.W.) found that fourth divided differences do make a small but 
significant contribution to the results below 37°. Contributions from fifth and sixth 
divided differences are virtually negligible. With these further corrections, x2 becomes 
37.5.
The data in Arnold’s tables thus indicate that the travel times have not 
been smoothed sufficiently, even allowing for possible over-estimation of the standard 
errors.
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